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Shelled corn was collected from two sources - commercial grain elevators and corn harvested 
from Purdue University farms and then frozen until tested. Using a carbon dioxide (CO2) test kit 
manufactured by Woods End Laboratories, CO2 evolution measurements were conducted on 
shelled corn from both sources, after the samples were re-wetted to approximately 21% moisture 
content, placed in a 473 ml glass jar, and incubated at room temperature for 72 hours. The CO2 
test kit uses a gel that changes color in response to a change in the level of CO2 in the surrounding 
air. The color is quantified by means of a color number that can be converted to the level of CO2 
in the air using an exponential equation.  A plot of color number versus time was used as the 
primary indicator of the CO2 evolution of the sample being tested.  CO2 evolution is hypothesized 
to be an indicator for fungal susceptibility. Fungal susceptibility is a measure of the likelihood of 
spoilage due to fungal growth during subsequent storage or shipment when conditions are 
favorable for fungal growth. Shelled corn is routinely stored for 2 to 12 months before it is utilized. 
During this period, changes in environmental conditions can trigger fungal growth, causing 
spoilage of the grain. The overall objective of this study was to determine the feasibility of utilizing 
the CO2 test kit in management of shelled corn during storage, which would be possible if it is 
assumed that CO2 evolution during the tests is related to potential for spoilage when conditions 
favorable for mold growth develop. The specific objectives were to examine whether the test kit 
can detect 1) differences in CO2 evolution among corn shipments originating from commercial 
elevators, 2) changes in CO2 evolution with time of storage using samples of shelled corn obtained 
from commercial grain elevators and stored in the laboratory for 8 to 14 months and 3) effects of 
moisture content and storage time on changes in CO2 evolution from corn that was harvested and 
shelled in a  known  manner and  then  frozen  at -20°C  until  tested.  Samples  from  commercial  
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storage facilities were used in experiments associated with the first and second objectives while 
corn harvested from Purdue University farms was used in experiments associated with the third 
objective. The results suggested that the test kit was able to identify differences in CO2 evolution 
among the corn samples obtained from the commercial storage facilities. An attribute designated 
Slope73_75 was obtained from the color number measurements using the test kit. It was 
identified as the best indicator of differences in CO2 evolution among the corn samples. A 24 hour 
“in situ” test was conducted by the grain inspection service that collected the commercial samples.  
In this test, the CO2 kit was used to test the sample after 24 hours of incubation, when the sample 
was tested at its original moisture content.  There was a small correlation between the “in situ” 
reading and the 75th hour reading (r2 = 0.270) and between the “in situ” reading and Slope 73_75 
(r2 = 0.294).  The test kit was also able to detect changes in CO2 evolution caused by subsequent 
storage of samples from the same commercial shipments when they were stored for 8 to 14 
months at room temperature. For six of the eight samples tested, the CO2 evolution rate detected 
by the test kit increased between the original measurement and both second and third 
measurements made after storage for 8 to 14 months. There was little or no change in the two 
remaining samples. There were small correlations between Slope73_75 and grade number, total 
damage kernels (DKT), and percent BCFM (r2 values between 0.199 and 0.296). Differences in 
moisture content of the corn at the time the sample was collected, differences in the U.S. grade 
factors, and differences in electrolyte leakage could not be individually identified as the reason 
there was no apparent change in the in CO2 evolution of the two samples. The test kit was also 
able to distinguish differences in CO2 evolution among the corn samples that were harvested, 
frozen until tested, and then removed from storage and placed in plastic buckets at room 
temperature. The observed differences were associated with moisture content at which the 
samples were stored in the laboratory and length of time in storage at room temperature. 
Differences in physical damage to the kernels were also associated with differences in CO2 
evolution. Unexpected differences in CO2 evolution among samples could be explained by a high 
level of physical damage in one of the samples tested. Germination tests were also conducted. 
The results also revealed that seed respiration may make a significant contribution to CO2 
production measured by the CO2 test kit and that it needs to be taken into account when test kit 
results are interpreted. 
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CHAPTER 1. INTRODUCTION 
This thesis is a study of the use of a carbon dioxide (CO2) test kit for measuring the evolution 
of carbon dioxide (CO2) from shelled corn as an indicator of the growth of fungi on the corn. This 
introduction includes a discussion of how carbon dioxide evolution measurements could be used 
to predict the risk of fungal growth in the corn. It also describes the industry’s need for a method 
for screening bulk corn shipments or stored corn for the likelihood that storage fungi will grow if 
conditions conducive to fungal growth develop. A measurement method which is able to give 
results in a timely manner, just before a shipment is loaded or during loading, could help to 
prevent unnecessary spoilage of the corn. Measurement of carbon dioxide evolution of 
representative samples taken from stored corn would help reduce the risk of deterioration caused 
by fungal growth in the corn. This study used a test kit made by Woods End Laboratories which 
measures the CO2 level in the air in a glass jar containing a sample of the corn. It is simple and 
inexpensive. The specific objectives are listed at the end of the chapter. 
1.1 Background 
Corn is an important commodity in both the United States and other parts of the world where 
it is used for food, feed, energy (corn ethanol) and industrial products. The United States is known 
as the world's largest corn producer and currently exports about one-fifth of its annual production. 
During the period of October 2011 to September 2012 a total of 38,489,231 metric tons of corn 
were exported by the United States (U.S. Grain Council, 2013). Most of the annual production of 
corn for grain is stored for several months or more before it is utilized. In trading corn as grain in 
the United States, one routinely used set of indicators of the corn’s quality is the U.S. grading 
standards. The standards are primarily used as a marketing tool to assign monetary value to the 
corn and are not intended to be indicators of storage life.  Nevertheless, they are often used as a 
measure of the overall quality of bulk shipments of corn. 
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Sauer et al. (1982) mentioned that there are times when grain importers complain that the 
grain they receive does not meet the grade factor levels that are indicated on the grade certificate. 
This may in part be a consequence of the fact that grading factors give a general indication of 
several quality attributes of a corn lot, but there are many quality factors that they do not 
specifically address, including the risk of fungal invasion. In 2005, the American Society of 
Agricultural and Biological Engineers (ASABE), which was at the time named the American Society 
of Agricultural Engineers (ASAE), published ASAE D535 (ASAE, 2005). It provides an estimate of 
the maximum time that shelled corn can be stored before damage caused by storage fungi 
reduces the USDA market grade of the corn by one or more grade levels. To a certain extent, this 
standard relates fungal growth in shelled corn to changes in official USDA grade. ASAE D535 
predicts dry matter loss, which is assumed to be the result of fungal growth, as a function of the 
moisture content and temperature at which the corn is stored and the length of time that it is 
stored under those conditions. The amount of physical damage to the corn kernels, which is 
included in the grade factors, affects the predicted dry matter loss. However, the type of damage 
considered when determining the official grade is only one of several types of damage that have 
been shown to influence susceptibility to the growth of fungi. Several studies have evaluated the 
relationship between dry matter loss and carbon dioxide production (Steele et al., 1969; Bern et 
al., 2002) and in the United States, carbon dioxide production is the most commonly used 
measure of dry matter loss. 
The main goal of this study was to gather additional evidence to support the assertion that 
the CO2 test kit can detect differences in carbon dioxide production among samples of shelled 
corn. Moog (2006) conducted a study relating carbon dioxide evolution of shelled corn to its 
susceptibility to fungal growth. In the study, Moog (2006) introduced the term “fungal 
susceptibility” to address the likelihood of spoilage in shelled corn due to fungal growth during 
storage in conditions favorable to fungal growth. He presented evidence that the CO2 test kit could 
be used to determine differences in fungal susceptibility among samples of shelled corn.   
Several other terms have been used in previous studies to describe the length of time which 
corn can be stored before it becomes unfit for use due to fungal growth. The most notable include 
“allowable storage time” or AST (Saul and Steele, 1966) and “storability” (Marks, 1993). Changes 
in susceptibility to fungal growth may be an indicator of changes in storage life because corn that 
is more susceptible to fungal growth is more likely to spoil if conditions that are favorable for 
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fungal growth develop within the grain mass. Fungal growth is affected by both external factors 
and intrinsic attributes of the corn. External factors include temperature and other weather 
conditions while intrinsic attributes include moisture content and genetic attributes of the corn.  
Spoilage due to fungal invasion and subsequent growth during shipment will negatively 
impact the value of corn being shipped. Therefore, if the CO2 test kit is able to detect differences 
in carbon dioxide production of shelled corn subjected to various storage and/or shipment 
conditions, and if carbon dioxide production of the corn sample is related to the susceptibility of 
the sample to fungal invasion, then the kit’s measurements could be used in management of 
stored corn to reduce the risks of fungal growth during continued storage of the corn. 
The assumption behind this study is that shelled corn varies in its susceptibility to fungal 
growth and that the carbon dioxide evolution determined using the CO2 test kit is a good indicator 
of the likelihood that fungi will grow if the shelled corn is exposed to conditions that permit such 
growth to occur. As the carbon dioxide evolution of the shelled corn increases, the risk of loss in 
quality of the corn during continued storage will also increase. Therefore, grain elevators and 
grain storage facilities could use the CO2 test kit for managing their stored grain. For example, if 
the CO2 test kit were used to measure samples of grain from various storage bins, the risk of 
unacceptable levels of fungal growth occurring in the stored corn could be reduced by utilizing 
first the corn from bins having higher levels of CO2 production, presumed to be indicators of 
greater fungal susceptibility and therefore more likely to spoil. Corn with lower CO2 production, 
and presumably lower fungal susceptibility, could be kept in storage longer. Similarly, when corn 
is going to be removed from storage and shipped to another destination, corn with higher carbon 
dioxide evolution could be shipped at an earlier date, shipped to destinations closer to the origin, 
or shipped to locations where conditions are likely to be less conducive to fungal growth. 
Meanwhile those with lower carbon dioxide evolution may still be kept in storage. 
Previous studies using the CO2 test kit conducted by Stroshine (2000, 2002), Chitrakar et al. 
(2006), and Moog et al. (2008, 2010) have primarily compared the kit measurements to other 
measures of fungal growth for the purpose of verifying that the test kit measures the extent to 
which fungi have grown on the re-wetted corn. Although the studies provided the desired 
verification, they did not demonstrate that the CO2 test kit can detect changes in the fungal 
susceptibility of a sample over time as it is held under conditions likely to decrease the remaining 
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available storage time. These conditions can develop during shipment where grain temperature 
can increase, when condensation adds water to portions of the grain mass, or when the grain 
comes in contact with humid air for an extended period of time (weeks or months). For example, 
corn moisture can increase if the corn is shipped to tropical regions of the world or any region 
where it is consistently warm and humid. ASAE D535 predicts that a sample stored at a higher 
moisture will lose its storage life more rapidly than the same sample stored at a lower moisture. 
In other words, carbon dioxide evolution should increase more rapidly when the corn is stored 
longer and/or at a higher moisture content. This study was initiated for the purpose of verifying 
whether factors that normally cause an increase in fungal susceptibility also cause an increase in 
CO2 production that is detectable with the test kit. 
1.2 Objectives 
The overall objective of this study was to investigate the feasibility of utilizing the CO2 test kit 
to improve postharvest management of shelled corn by reducing the risk of spoilage caused by 
fungal growth during shipment and subsequent storage in regions with environmental conditions 
favorable to fungal growth. It presumes that differences in CO2 production indicate differences in 
fungal susceptibility. The specific objectives are as follows: 
1. To determine whether the CO2 test kit can detect differences in carbon dioxide evolution 
among shipments originating from grain elevators where the corn has been previously stored. 
2. To examine the changes in carbon dioxide evolution, as determined by the CO2 test kit, with 
time in storage using samples of shelled corn obtained from commercial grain elevators and 
stored in the laboratory for 8 to 14 months.  
3. To use the CO2 test kit to determine the changes in carbon dioxide evolution of freshly 
harvested frozen shelled corn stored at specific harvest moisture contents and at a 
temperature of 22 to 24°C for up to one month. 
Results related to objectives numbers 1 and 2 are reported in Chapter 4 while results related 
to objective number 3 are reported in Chapter 5. Discussions and analyses of the results are also 
included in each chapter.
5 
CHAPTER 2. LITERATURE REVIEW 
 This chapter is a brief summary of some of the previous studies on fungal growth in 
shelled corn and on the relationship between carbon dioxide evolution and fungal growth in 
shelled corn. A brief summary of a 1982 study on fungal infection in samples of corn and wheat is 
reported and the influence of fungal growth on corn grading factors is summarized.  Next relevant 
results of a study of corn exported to tropical regions of the world are reported.  Finally, the use 
of the CO2 test kit to measure fungal growth and fungal susceptibility are described and the 
relationships of fungal growth to ergosterol level and to electrolyte leakage are discussed.   
2.1 Relationship of Carbon Dioxide Evolution and Fungal Growth in Stored Shelled Corn 
   Terms such as allowable storage time, storability, and fungal susceptibility have been used in 
previous studies to describe the length of time for which corn can still be stored before there is a 
significant reduction in quality (e.g. a reduction in grade) caused by fungal growth. One method 
of predicting storage life is to measure the rate at which CO2 is produced by the fungi growing on 
the corn. Grain deterioration is related to respiration of the grain itself and also to the growth of 
accompanying microorganisms (Steele et al., 1969). Fungal growth is detected by monitoring the 
temperature increases associated with heat released by fungal respiration, which also produces 
CO2. Several investigators have measured CO2 production as a means of detecting deterioration 
due to fungal growth (Steele et al., 1969; Muir et al., 1985; Friday et al., 1989; Al-Yahya et al., 
1993; Bern et al,. 2002; Moog et al,. 2008; Maier et al., 2010). Maier et al. (2010), who developed 
devices for detecting mold growth in bins by monitoring carbon dioxide levels in aeration air, 
argued that “carbon-dioxide-based, spoilage-detection devices are expected to save grain 
producing, handling, and processing industry millions of dollars annually” as reducing spoilage 
would lower residues of mycotoxins, pesticides, and foreign material while maintaining the 
quality and quantity of the stored grain with minimized costs. 
6 
 Marks (1993) and Moog (2006) both expressed the need for a rapid test which can measure 
the stage of deterioration of stored grain and predict the amount of time remaining before there 
is an unacceptable level of fungal growth. The U.S. Office of Technology Assessment (OTA) also 
reported that this issue is a major problem or challenge for the grain industry (U.S. Congress, 
1989). Marks (1993) used the term storability to describe the likelihood of spoilage due to fungal 
growth and addressed the need to develop a rapid storability test. Storability was defined as a 
measure of the remaining allowable storage time (AST). Corn lots with a longer the allowable 
storage time are assumed to have better or greater storability.  AST is determined from the 
cumulative dry matter loss (DML), a concept first introduced by Saul and Steele (1966). At 0.5% 
DML, the corn would have no more than 5% by weight of kernels with visible fungal damage and 
would not be graded lower than USDA No. 2 due to the criteria for total damaged kernels (DKT).  
Bern et al. (2002) assembled a comprehensive set of equations to predict CO2 evolution and DML 
which was compiled from original equations starting from studies in the 1960s. This set of 
equations became one of the main references for the ASAE D535 document which calculates the 
storage time of shelled corn at temperatures between 35oF and 120oF until 0.5% DML is reached. 
Moog (2006) also used the concept of DML but developed the term fungal susceptibility which 
he defined as the measure of the likelihood of fungal growth during subsequent storage or 
shipment if conditions conducive to fungal growth develop in the grain mass. He stated that a test 
that could measure susceptibility to fungal invasion would be useful in reducing the risk of corn 
spoilage and help in assessing whether shelled corn could be safely shipped overseas or stored in 
regions of the world where the environment facilitates fungal growth.  
The attribute electrolyte leakage was proposed by Marks et al. (1998) as a rapid indicator of 
the storability of corn. They related electrolyte leakage to storability, where storability was 
evaluated by carbon dioxide evolution during accelerated storage (re-wetting of the sample being 
tested). The slope of carbon dioxide evolution rate curves after 72 hours of accelerated storage 
was shown to be an acceptable indicator for storability (Marks and Stroshine, 1995). Correlations 
were established between the slopes and electrolyte leakage. The authors  found that 
conductivity, which is proportional to the electrolyte leakage from the corn kernels, after 10 
minutes of soaking corn in deionized water was correlated (r = 0.79) with the slopes (Marks et al., 
1998). Electrolyte leakage detects damage to the kernel membranes which allows contents of the 
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cells and kernel tissues to leach out. This type of damage also makes the kernels more vulnerable 
to invasion by microorganisms. 
2.2 Fungal Growth in Stored Corn 
Starting in the 1950’s many investigations have been conducted on the growth of fungi in 
stored corn (Christensen, 1957; Welty, 1963; Christensen and Kaufmann, 1965; Saul and Steele, 
1966; Steele et al., 1969; Fernandez, 1982; Sauer et al., 1982; Seitz et al., 1982a; Seitz et al., 1982b; 
Fernandez et al., 1985; Tuite et al., 1985; Friday et al., 1989; Ng et al., 1995). Eventually research  
was conducted on the  early detection of fungal spoilage and prediction of  the period for which 
the corn could be stored before it reaches a certain level of deterioration that will inevitably lead 
to unavoidable and significant deterioration in quality as a result of  fungal growth (Thompson, 
1972; Brooker and Duggal, 1982; White et al., 1982a; White et al., 1982b; Muir et al., 1985; Magan, 
1993; Marks, 1993; Ng et al., 1998; Wilcke et al., 2001; Bern et al., 2002; Stroshine, 2002; Ileleji et 
al., 2006; Moog, 2006; Maier et al., 2009, 2010). 
When corn is exported to other countries it is usually stored after it arrives. Table 2.1 lists 
some of the countries to which the United States exports corn most frequently along with the 
quantity exported to that country during 2009-2012. As seen in Table 2.1, many customer 
countries are located in regions where the climate is more tropical than the primary regions where 
it is produced, the U.S. Midwest. A study by Paulsen and Hill (1977) followed a shipment of corn 
from Peoria, Illinois to Mexico. The study indicated that it took three weeks to ship the corn from 
Peoria, Illinois to New Orleans. In New Orleans, the corn was then put into concrete storage bins 
until it was removed so that it could be shipped to Coatzoalcos, Mexico. The authors of the paper 
did not mention how long the corn was kept in the storage bins. When it was removed from 
storage, it took another four days to ship the corn from New Orleans to Coatzoalcos, Mexico. 
Risk of fungal growth during storage and in transition periods as the shipment moves from 
one vessel to another can cause the quality of the corn to decrease before it reaches its 
destination. Sauer et al. (1982) determined contamination of storage fungi in U.S. corn and wheat 
intended for export.  More recently, Reed et al. (2002) conducted a similar study by collecting U.S. 
exported corn and sorghum samples from destination ports in tropical and sub-tropical regions 
and examining the level of infection by storage fungi. They found monthly average percentages 
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of kernels infected with Aspergillus glaucus varied from approximately 15% to approximately 50% 
with the highest percent infections occurring in August and September of 1999 and the lowest 
percent infections in January and February of 1999. 
Table 2.1 Top U.S. Corn Export Customer Countries in 2009-2012 
Country Sep 09 – Aug 10 Sep 10 – Aug 11 Sep 11 – Aug 12 
Japan 15,135,387.0 14,023,262.1 11,514,962.9 
China 1,211,698.5 989,530.1 5,157,645.1 
Mexico 8,287,595.0 7,505,761.4 10,167,287.0 
South Korea 7,082,741.9 6135170.7 3,607,588.3 
Venezuela 1,105,609.0 855,821.7 1,336,216.1 
Taiwan 3,180,024.5 2,786,838.3 1,555,270.4 
Costa Rica 579,019.1 712,131.6 5,754,87.8 
Canada 2,074,109.0 925,053.0 842,767.0 
Jamaica 234,176.3 282,677.3 253,111.7 
Panama 326,837.2 263,185.5 208,462.3 
Honduras 347,575.3 446,507.5 359,346.0 
Guatemala 661,886.2 687,969.6 591,223.3 
Source: US Grain Council and USDA GATS (2013) 
The studies cited above indicate that corn is more vulnerable to fungal invasion than wheat 
or sorghum.  Their measurements were made while the corn was still at the export elevator before 
and after being loaded on to ships. One reason for this, as pointed out by Sauer et al. (1982), is 
that the moisture content at which corn is harvested, stored, and marketed is high enough to be 
favorable for growth of storage fungi such as Eurotium. Additionally, storage fungi such as 
Eurotium can grow in conditions where water activity is low while several species of Penicillium 
sp. can grow at relatively low temperatures, even at -2oC.  
Reed et al. (2002) gave another reason for increased vulnerability of exported shelled corn.   
Soon after being exported to tropical climates, corn often tends to exhibit heating and 
deterioration because the weather conditions in the tropical climate are more stressful than 
conditions in the U.S. Midwest. An examination of the equilibrium moisture content curves for 
cereal grains reveals that as the grain temperature increases, the inter-seed equilibrium relative 
humidity for a given kernel moisture content also increases. Storage fungi require a minimum 
relative humidity to grow (Stroshine et al., 1986) and as the grain warms, the relative humidity 
increases and eventually reaches the minimum required for growth.  
In laboratory tests conducted after analysis of the export samples Reed et al. (2002) found 
that when corn was stored at a typical average lowland tropical temperature of 30oC and a 
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moisture content of 14.4% wet basis there was significant mold growth after 2 weeks of storage. 
Ergosterol levels, an indication of the amount of fungal mass present, had reached 2.5 times the 
original levels after 8 weeks of storage. When they stored corn at 25oC and 14.1% moisture 
content they found little evidence of fungal growth. 
Studies on measurement of ergosterol as an indicator of fungal growth in grains were 
conducted by Seitz et al. (1977, 1979). They argued that although attributes such as seed 
germination, visible discoloration, and various chemical indicators such as fat acidity are 
sometimes used to indirectly measure fungal activity, they may be reflecting damage from other 
causes and that they only change after  fungal growth has reached higher levels (Seitz et al., 1977). 
Ergosterol was chosen as an indicator of fungal growth because it is the predominant sterol 
component of most fungi and is absent or has minor presence in most higher plants. Seitz and 
coworkers found that, ergosterol levels in corn samples ranged from 0.15 to about 200 µg/g (Seitz 
et al., 1977). Freshly harvested corn and hand-shelled corn samples with no visible fungal damage 
had very low levels of ergosterol (near 0.15 µg/g) while very high levels were detected in hand-
selected, rotted, discolored kernels which were invaded primarily by Fusarium. Seitz et al. (1979) 
compared ergosterol with chitin, which is a cell wall constituent of most fungi and commonly 
measured. The study found that ergosterol has an advantage over chitin in detecting fungal 
growth because the ergosterol assay was more sensitive in detecting early growth. This was 
demonstrated by monitoring both ergosterol and chitin levels during growth of Aspergillus flavus, 
Aspergillus amstelodami, and Alternaria alternata. After 24 hours, the ergosterol assay detected 
growth of each fungus while the chitin assay did not detect growth of A. alternata and A. flavus 
until 40-48 hours. After 48 hours of incubation, the ergosterol content increased in parallel with 
the chitin content in A. alternata and A. flavus. 
2.3 Relationship of Fungal Growth to Corn Quality Assessment 
The U.S. Standards are widely used by the corn industry to assess the quality of traded corn. 
There are 5 grades for yellow corn in the United States, U.S. No. 1 through U.S. No. 5 with U.S. No. 
1 being the highest grade. There is also a U.S. Sample grade those samples that do not meet any 
of the requirements of the five grades. The grades are determined using four grading factors as 
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presented in Table 2.2. The factor with the lowest grade determines the overall grade of the 
sample. 
Information that is usually of benefit to the individual managing a grain storage facility is the 
storage history of the grain in the bins in their facility. The majority of grain traded in the U.S. is 
co-mingled. This means that grain from various sources is mixed together before or soon after it 
arrives at elevators or processing plants. There is usually no attempt made to preserve the identity 
of the source of the grain being mixed together and even when the source is identified, data 
related to prior storage history are not recorded. Therefore, the facility manager has no idea of 
the temperature and moisture at which the corn was previously stored and how long it was stored 
under those conditions (ASAE D535). 
Table 2.2 Grades and Grade Requirements for Corn 
Grade 
Minimum test 
weight per bushel 
(pounds) 
Maximum limits of 
Damaged Kernels 








U.S. No. 1 56.0 0.1 3.0 2.0 
U.S. No. 2 54.0 0.2 5.0 3.0 
U.S. No. 3 52.0 0.5 7.0 4.0 
U.S. No. 4 49.0 1.0 10.0 5.0 
U.S. No. 5 46.0 3.0 15.0 7.0 
U.S. Sample Grade 
U.S. Sample grade is corn that: 
(a) Does not meet the requirements for the grades U.S. Nos. 1, 2, 3, 4, or 5; or 
(b) Contains stones with an aggregate weight in excess of 0.1 percent of the sample weight, 2 or more 
pieces of glass, 3 or more crotalaria seeds (Crotalaria spp.), 2 or more castor beans (Ricinus communis 
L.), 4 or more particles of an unknown foreign substance(s) or a commonly recognized harmful or toxic 
substance(s), 8 or more cockleburs (Xanthium spp.), or similar seeds singly or in combination, or animal 
filth in excess of 0.20 percent in 1,000 grams; or 
(c) Has a musty, sour, or commercially objectionable foreign odor; or 
(d) Is heating or otherwise of distinctly low quality. 
Source: USDA Grain Inspection Handbook Book II Chapter 4 Corn (2007) 
 No good methods are currently available to measure or predict the likelihood of fungal 
spoilage during storage and therefore there is a need for a test that can be used to quantify the 
likelihood of deterioration during continued storage or shipment. Such a test will likely help 
managers of grain storage facilities in making decisions of appropriate action to take in order to 
ensure that the quality of the stored corn is maintained both before and during shipping or before 
processing (Stroshine, 2000). Marks (1993) commented that relying on grading factors and 
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experience is often inadequate for making decisions about whether the corn can continue to be 
safely stored with a low level of risk or should be marketed. Therefore, he concluded that tests 
which can quantify the likelihood of deterioration during shipment and subsequent storage would 
help reduce the risk involved in deciding whether the corn can be safely kept in storage or whether 
it should be utilized before its quality deteriorates. 
Studies covering changes in grain quality as it is being shipped and traded have looked 
primarily at the physical damage to the kernels and how that would impact the grade of the corn. 
Paulsen and Hill (1976) investigated corn breakage during overseas shipment while Hurburgh 
(1994) focused on broken corn and foreign material in the corn and its breakage susceptibility. 
Investigators who looked at fungal invasion during transit or storage include Sauer et al., (1982) 
who reported the frequent occurrence of Aspergillus flavus in shipments, Perez et al. (1982) who 
showed occurrences of storage fungi invasion as corn was stored for several months at conditions 
found in the Midwest, and DeHoff et al. (1984) who investigated corn quality during barge 
shipment in which significant levels of storage fungi infection were found in a few of the samples. 
Perez et al. (1982) stored corn at 14.0, 15.5% and 18.0% moisture at postharvest Indianapolis 
temperatures. They reported that corn stored 14.0% and 15.5% moisture for 7.5 months and then 
transferred to 26oC had a higher percentage of infected kernels and greater number of propagules 
than corn stored for 5.5 months or less. This suggests that the additional time in storage increased 
the fungal susceptibility of the samples. 
2.4 Use of the CO2 Test Kit in Detecting Fungal Growth in Shelled Corn 
The research described in this thesis was conducted using a CO2 test kit. The kit was developed 
by and is manufactured by Woods End Research Laboratory (Mt. Vernon, Maine) and is marketed 
under the brand name of Solvita®. The kit detects the level of CO2 in the gasses that surround the 
paddle by means of a patented gel-technology.  The kit was initially developed to measure the 
rate of CO2 evolution from compost as an indicator of microbial activity level and of soil samples 
as an indicator of organic matter content.  It is currently being marketed commercially for these 
applications.  
Woods End Research Laboratory would like to adapt this technology for use as an indicator of 
remaining storage life of cereal grains such as shelled corn and wheat. In the research conducted 
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for this thesis, the kit was used to measure the CO2 produced by samples of shelled corn. Purdue 
tests involved re-wetting of the samples to a moisture content conducive to mold growth.  
Previous studies using the kit were conducted by Stroshine (2000, 2002), Chitrakar et al. (2006), 
Moog (2006), and Moog et al. (2008, 2010).  Preliminary tests by Stroshine (2002) revealed that 
the CO2 test kit was able to detect differences in CO2 evolution of rewetted corn and wheat 
samples within three days after samples were rewetted. Chitrakar et al., (2006) found that the kit 
is capable of quantifying storage state of corn over a range of moistures and incubation periods. 
They incubated the corn for 24-hours after rewetting and found that the CO2 measured by the kit 
was linearly related to corn moisture content between 18 and20% moisture and that the 
relationship was exponential when corn was stored 3 to 12 days. Moog et al. (2008) used a three 
day incubation method and was able to find correlations between the CO2 measured by the kit 
and three other attributes that he measured, percent germination, ergosterol difference and 
electrolyte leakage. 
Moog et al. (2008) determined correlations between the color number readings from the CO2 
test kit  and other measures of fungal growth, namely percent germination, ergosterol difference, 
and electrolyte leakage. They reported that the correlations with all three attributes were 
statistically significant (α=0.001). The r2 value was 0.47 for percent germination, 0.27 for 
electrolyte leakage after 15 minutes of soaking, and 0.24 for electrolyte leakage after 10 minutes 
of soaking. The difference in ergosterol content of the samples before and after testing was used 
because it eliminates the influence of the ergosterol from the hyphae of the dead fungi such as 
field fungi which usually do not grow in stored grain. The r2 value for ergosterol difference was in 
the range of 0.46-0.60. The highest value of r2, 0.60, was the correlation between the CO2 test kit 
color number after 75 hours and the difference in ergosterol. Based on these findings, the study 
concluded that the CO2 test kit is able to distinguish differences in susceptibility to storage fungi 
invasion among shelled corn samples re-wetted to 21%.Based on their findings, the authors 
proposed that the CO2 test kit could be a useful tool for measuring fungal susceptibility of shelled 
corn. The study also acknowledged that an uncertainty associated with measurement of CO2 
evolution is that CO2 produced from seed respiration introduces a level of uncertainty into the 
measurement because there currently is no good method of distinguishing the CO2 produced from 
fungal respiration and that produced by seed respiration. They stated that additional research 
was needed to address this issue.   
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CHAPTER 3. METHODOLOGY 
This chapter explains the methods and procedures used to obtain the results discussed in 
subsequent chapters. The collecting and receiving of samples are described in section 3.1. The 
main method of measuring CO2 production using the CO2 test kit is explained in section 3.2. That 
section describes and distinguishes between two CO2 test kit procedures, the 72-hour incubation 
with re-wetting test and the 24-hour in-situ test. The procedure for re-wetting of the samples for 
the 72 hour test and the procedure used for all moisture measurements are described in sections 
3.3 and 3.4, respectively. Other methods used to determine kernel and sample attributes that 
may be useful for interpreting the results of the CO2 production measurements are explained in 
section 3.5. Section 3.6 gives the procedures for the statistical analyses used to detect differences 
among the samples. Finally, sections 3.7, 3.8, and 3.9 describe the specific procedures that were 
used to prepare the samples for three sets of experiments. Results of those experiments are 
presented and discussed in chapters 4 and 5. 
3.1 Collection of Shelled Corn Samples 
This study utilizes samples of shelled corn from commercial grain elevators located in west 
central Indiana and also frozen shelled corn from Purdue farms. Shelled corn from commercial 
elevators was used in experiments related to the first and second specific objectives while frozen 
shelled corn was used in experiments related to the third specific objective. 
3.1.1 Shelled Corn from Commercial Grain Elevators 
The shelled corn from commercial grain elevators was taken from official inspection samples 
collected by Titus Grain Inspection (TGI), a federally licensed grain inspection service located in 
West Lafayette, Indiana. TGI placed the major portion of each sample that they graded in a labeled 
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polyethylene freezer bag and gave the bags to Purdue for their testing using the CO2 test kit. The 
locations from which the shipments originated are given in Table 4.1 of Chapter 4. 
The shipment samples were collected during a period of 8 months, starting in October 2011 
and continuing through May 2012. Testing of the samples was completed in August of 2012. Thus, 
there was a variation in the number of days the corn from which the samples were taken had 
been in storage at the elevators.  In addition, the time that the samples were stored in the 
laboratory before they were tested varied from days to weeks. Detailed information on the 
storage history of the corn from which each sample was obtained (time, temperature, and 
moisture content during previous storage) was not available. The absence of this information did 
not create a problem because one of the purposes of this study was to investigate whether the 
CO2 test kit can determine the carbon dioxide evolution of shelled corn, hypothesized to be an 
indicator of fungal susceptibility of the samples, when previous storage conditions are not known. 
The extent of uncertainty in commercial storage facilities is often greater and it can increase as 
the corn lot is moved to successive locations. The U.S. corn grading factors   for each sample, as 
determined by TGI, were made available to Purdue when the samples were transferred from TGI 
to Purdue. The results of CO2 kit tests on these samples are reported and discussed in Chapter 4 
of this thesis. Samples from a total of 29 shipments were received from TGI. 
3.1.2 Frozen Shelled Corn 
Shelled corn was obtained from two Purdue University farms, the Agronomy Center for 
Research and Education (ACRE) and the Animal Sciences Research Center (ASREC), both located 
north of Purdue’s campus in West Lafayette, Indiana. Samples were taken from three different 
plots on August 30, 2012. 
Two of the plots were being harvested with a combine, allowing samples of shelled corn to 
be collected from a wagon or truck being filled by the combine. One of the plots was located at 
ACRE and was being harvested at approximately 19% moisture content.  The hybrid in this plot 
was Dekalb 52-43VT3. The other was located at ASREC and was being harvested at around 30% 
moisture so that it could be placed in a sealed silo as high moisture corn to be fed to dairy cattle. 
The hybrid in this plot was Beck’s 6175RR. The third plot was located at ACRE and had not yet 
been harvested because its moisture content was above the level at which the farm manager 
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wanted to harvest. The hybrid in this plot was Pioneer 1018AM1/LL/RR2. It was included because 
using it gave a wider variety of samples for testing. Ears of corn were harvested by hand from this 
plot and taken to the laboratory where they were placed on a bench for several days to dry to 
approximately 26% moisture content. They were shelled using a laboratory corn sheller (Agriculex 
SCS-2 Corn Sheller manufactured in Canada) that was driven by an electric motor. 
The ASREC sample was very wet, and was at approximately 30% moisture. Before being put 
in the freezer, it was  placed in trays in the laboratory and allowed to dry for 2 – 3 days in room 
temperature (23 – 25oC) until it reached approximately 22% moisture content. To achieve this, 
the moisture content was measured daily using the Steinlite moisture meter as described in 
section 3.4.2. Figure 3.1 shows how the ASREC shelled corn in trays being dried. 
 
Figure 3.1 Shelled corn from ASREC left to dry in trays at room temperature. 
The shelled corn from ASREC and the corn from ACRE shelled using the SCS-2 Corn Sheller 
were then placed in sealed plastic freezer bags and each different sample was placed in a separate 
burlap bag. The 19% m.c. shelled corn from the other ACRE plot was placed directly in a burlap 
bag without first being placed in a plastic bag. All burlap bags were placed in a freezer set at a 
temperature of -20°C that was located in the basement of the Food Science Department’s building 
until they were used in the experiments. The experiments were conducted starting in March 2013 
until July 2013. Hence the samples were in the freezer for approximately 6 – 10 months. Prior to 
placing the samples in the freezer, moisture content of the samples was measured. When they 
were removed from the freezer, they were conditioned by leaving them in the plastic bags and 
placing them on a table in the laboratory for approximately 24 hours so that they equilibrated to 
room temperature of 23 – 25oC. When the samples were removed from the freezer it was 
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discovered that the part of the sample harvested from ASREC had dried from 22% m.c. to 
approximately 18% m.c. during storage in the cold room. Its identity was maintained and it was 
tested separately from the 22% moisture content sample. Meanwhile, the 19% m.c. from ACRE 
was 15% m.c. when it was removed from the freezer. This drop in moisture content   probably the 
result of it not being placed in sealed plastic freezer bags but only in a burlap bag.  It apparently 
dried out during its time in the freezer. All the frozen shelled corn samples were used for 
experiments whose results are reported and discussed in Chapter 5 of this thesis. 
3.2 CO2 Paddle Test 
The CO2 produced by the samples was measured using the Solvita® Grain Respiration Test Kit 
manufactured by Woods End Laboratories. The Test Kit was developed for the purpose of 
measuring grain respiration by measuring the amount of CO2 released by the sample. It consists 
of a small polystyrene “paddle” with a shallow “well” or groove on one face in which a CO2 
absorbing gel is fastened. In addition there is a half-pint (237 ml) glass jar, and a color card on 
which are printed a series of colors representing the colors of the gel for different levels of percent 
CO2 in the air inside the jar. The color of the gel on the paddle changes as the amount of CO2 in 
the air in the jar increases. The reading obtained from the paddle is a “color number” that ranges 
from “0” to “5.” A color number of “0” means there is almost no CO2 in the jar while a reading of 
“5” means that there is a relatively high level of CO2. The color number can be obtained by 
comparing the color of the gel to the color scale, which has colors corresponding to different 
numbers.  The percent   CO2 can be obtained by using a conversion formula that relates the color 
number to the percent CO2 in the air in the jar. 
In 2006 Woods End Laboratories introduced the Digital Color Reader (DCR), a device that can 
be used to “read” the color number of the gel. The paddle is inserted into the DCR which reads 
the gel and displays the color number on a screen together with the percentage of CO2 in the air 
in the jar. Use of the DCR gives more objectivity and accuracy to the reading as the color numbers 
are presented to two decimal places. Comparing to the color scale only allows the color number 
to be determined to the nearest 0.5 (Moog et al., 2010). Moog and co-authors compared the 
readings using DCR with visual readings using the color scale. They concluded that the DCR 
improved the accuracy of the color number measurement compared to visual reading using the 
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color scale and the DCR was able to differentiate slight changes in in color that is visually not 
noticeable. Appendix A includes pictures of the paddle, DCR and color scale.  
The main procedure used in this research was the 72-hour CO2 paddle test on a 100 g sample 
of shelled corn. The method was modified slightly by using 1 pint (473 ml) glass jars instead of the 
half pint glass jars provided with the kit. Moog (2006) also used the 72-hour incubation method 
and 1 pint jars for his measurements of carbon dioxide evolution. In addition to the 72-hour 
incubation procedure, a 24-hour “in-situ” test was conducted on all the samples collected.  Those 
tests were completed by Mr. Doug Titus at TGI. 
3.2.1 72-hour Incubation Test 
The first step in the 72-hour incubation test is placing 100 grams of shelled corn in a 1 pint 
(473 ml) glass jar. The corn is first rewetted to a target moisture content of 21% wet basis. The 
glass jar is pictured in Appendix A.3 while the rewetting procedure is described in section 3.3. 
Before the corn sample is placed in the jar, it is placed in a plastic bottle and tumbled on a specially 
designed set of rollers that slowly rotate the bottle (1.5 to 5 rpm’s). The sample is equilibrated in 
the plastic bottle for 24 hours. The tumbling typically lasts 12 to 24 hours. The rewetted shelled 
corn (100 g) is placed in glass jars (one pint) and allowed to incubate for another 48 hours. Metal 
lids with a circular rubber inset to provide a seal were used to prevent air from entering into or 
escaping from the jars. A total of 71 hours after water was first added to the corn, the samples 
are placed in one pint glass jars and the lids of the jars are left open for about one hour. This 
allows the air inside the jar to equalize with ambient air conditions and lets CO2 that may have 
already accumulated in the jar during the incubation period escape. At the end of hour 72 after 
water was first added, a CO2 test kit paddle is inserted into the jar through a slot cut in the lid 
which is just large enough to accommodate the paddle.  A wire is attached to the paddle and used 
to hang the paddle from the lid of the jar. The tip of the paddle gently touches or almost touches 
the top surface of the shelled corn. At one-hour intervals, the paddle is taken out of the jar 
through the slot in the lid and, using the DCR, its color number is determined along with the 
percentage of CO2 in the air in the jar. The color number and percent CO2 are recorded and the 
measurement is repeated every hour until the 78th hour after rewetting. Figure 3.2 gives a visual 
summary of the procedure. 
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Figure 3.2 Procedure for 72-hour incubation test. 
3.2.2 24-hour In-situ Test 
The 24-hour “in-situ” test is similar to the 72-hour incubation test in that it uses the CO2 test 
kit to determine a color number and the percent CO2 in the air inside the container. The significant 
differences between the two tests are length of the test, rewetting process, and jar size. Table 3.1 
summarizes these differences between the two tests. The 24-hour “in-situ” tests were conducted 
by TGI. The procedure for this test was described by Woods End Laboratories (2011). The test is 
designated as “in-situ” because the samples are tested in “as is” condition. This means that no 
water is added and therefore there is no need to equilibrate the sample. The sample was tested 
in the condition it was received by TGI when samples were taken at the grain elevator. A 100 gram 
sample of corn is placed in a half pint (236 ml) glass jar. The CO2 test kit paddle is also inserted 
into the glass jar. The jar is then sealed and left to incubate. When the first several shipments 
were tested, the jar was opened after 4 hours and the paddle was removed and read using the 
DCR. The color number and percent CO2 were recorded. The paddle was placed back inside the 
jar and the lid was secured. The sample was then left to incubate at room temperature (22 to 
24°C) again for another 20 hours, giving a total of 24 hours of incubation. At the end of the 24-
hours of incubation, the paddle was removed from the jar and the final values for color number 
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Table 3.1 Comparison of the 72-hour Incubation Test and the 24-hour “In-situ” Test. Samples 
were incubated at room temperature (approximately 20 to 25°C). 
Category 
Test Type 
72-hour Incubation 24-hour In-situ 
Length of test 78 hours 24 hours 
Rewetting Required Not required 
Jar size 1 pint (473 ml) 0.5 pint (236 ml) 
 
3.3 Rewetting 
When the 72 hour incubation test is performed, water is added to the samples to create 
conditions conducive to fungal growth and thereby apply a “stress” to the sample that will reveal 
differences in susceptibility to invasion by fungi. The target moisture is 21%. Before deionized 
water is added to a sample, its moisture content must be precisely determined. This is done using 
the whole kernel oven method described and referenced in section 3.4. After the initial moisture 
content is obtained, the weight of the sample to be rewetted is determined. The amount of dry 
matter in of sample can be calculated using the following formula (Stroshine, 2011): 
Wd = Wit (1 – (Miw/100))   (equation 3.1)  
where Wd is the weight of dry matter (grams) in the sample, Wit is the initial total weight (grams) 
before rewetting (the sum of the weights of dry matter and water contained in the material), and 
Miw is the initial percent wet basis moisture content, before rewetting.. The weight of dry matter 
is used to calculate the weight of deionized water that should be added to reach the target 
moisture content of 21%. Assuming the weight of dry matter in the sample is the same before 
and after rewetting gives the following equation: 
Wd = Wft (1 – (Mfw/100))   (equation 3.2)  
where Wft is then the final total weight (grams) after rewetting and Mfw is the target moisture 
content of 21%. The weight of water that must be added is the difference between the initial and 
final weights. The final weight can be obtained by combining equations 3.1 and 3.2 to give the 
following equation which can be solved to give Wft: 
Wit (1 – (Miw/100)) = Wft (1 – (Mfw/100))  (equation 3.3) 
The amount of deionized water to add to the sample is the difference between Wft and Wit: 
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Amount of deionized water to add (grams) = Wft - Wit (equation 3.4) 
The sample to be rewetted, weighing Wit, was placed in a large plastic jar. Deionized water in 
the amount determined using equation 3.3 was added to the container. The lid of the container 
was secured and the container was placed on a mixing apparatus. The mixing apparatus consists 
of two long rotating metal rollers that can accommodate up to three one gallon containers or up 
to six half gallon plastic jars.  The device mixes the deionized water with the sample because the 
rotation of the rollers makes the jars rotate.. The addition of the deionized water marks the start 
of the 72-hours of incubation. The containers are typically left on the mixing apparatus for 24 
hours. After 24 hours, the sample is transferred from the container or containers to glass jars as 
described in section 3.2.1. Note that the 24 hours in which the container is on the mixing 
apparatus is included in the 72-hour incubation period. As the sample is being transferred from 
the container into the glass jars, some of the sample is set aside and used for measuring the 
moisture content of the rewetted corn. The purpose is to determine whether or not the rewetting 
achieved the target moisture content. This moisture content is also recorded as the actual 
incubation moisture content for the sample. Knowledge of this final incubation moisture content 
is important in analysis of the fungal growth that occurs during the incubation period. 
3.4 Moisture Content Measurement 
Moisture content plays a significant role in maintaining corn quality after harvest. It also 
influences fungal growth, as moisture availability may be a contributing trigger for fungal growth 
in a given material. In this study, moisture content measurements were conducted on the corn 
samples to identify moisture content before rewetting and after rewetting. Knowledge of 
moisture content was also helpful in analysis and interpretation of results because a large 
deviation from the target moisture could cause an increase or decrease in fungal growth that does 
not reflect a difference in fungal susceptibility. 
3.4.1 Oven Test 
The oven test uses procedures described in the ASABE standard ASAE S352.2 Moisture 
Measurement–Unground Grain and Seeds (ASAE, 1988). As stated in the standard, a 15 g corn 
sample is placed in metal containers and then placed in the oven for 72 hours at 103oC. However, 
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due to the limited amount of sample available for this study, only 6 to 10 grams of sample were 
placed in the aluminum moisture dishes instead of 15 grams. 
3.4.2 Steinlite Moisture Meter 
In situations where time and oven space were limited, moisture content was also measured 
using the Steinlite SS250 Moisture Meter. The moisture meter requires 250 grams of the sample 
as is, without further treatments or conditioning. The moisture meter displays the percent wet 
basis moisture in less than 5 minutes. Compared to the oven test, the moisture meter does not 
require a lot of time and no calculations are needed to obtain the moisture content value. The 
major disadvantage of using a moisture meter is that it is not as accurate. Moisture contents can 
vary by 0.5% or more from was is considered to be the more accurate oven moisture 
determination. In some parts of this study the moisture meter was used to obtain an approximate 
moisture content and then an oven test was conducted on the same sample to verify the value 
obtained using the moisture meter. 
3.5 Color Number Displayed by the DCR as the Attribute for Measuring Carbon Dioxide 
Evolution 
The 72-hour incubation test was performed on the samples from all 29 shipments received 
from TGI. The shipments were delivered in sealed one quart polyethylene freezer bags. Each bag 
was considered a sample. The number of samples differed between shipments. Depending on the 
number of samples in each shipment (one sample per rail car), enough corn for 1 to 9 CO2 kit tests 
was available.  Two replicates were tested for each sample taken from a given shipment. Table 
4.1 is a list of the shipments with the number of samples in each shipment. 
Results of the 72-hour incubation tests can be presented as either Color Number versus time 
or percent CO2 versus time. These values could be obtained to two decimal places using the DCR, 
as explained in the introduction to section 3.2.  
Figure 3.3 is a plot of the relationship between color number and percent CO2 in the air 
surrounding the paddle. The relationship is exponential. The dashed line in the figure is an 
exponential trend line that was fit to the plot. The r2 value for this trend line is 0.9994. This high 
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value of R2 means that the color number can be converted to percent CO2 with a high degree of 
confidence in the accuracy of the conversion. 
 
 
Figure 3.3 Relationship between color number and CO2 percentage from DCR readings. 
Since the percent CO2 and the color number are so well correlated, detected changes in color 
number will be proportional to changes in percent CO2. Because of this, color number readings 
are used for comparisons in this study and are used to predict carbon dioxide evolution. 
Another reason for using color number to indicate CO2 evolution is related to the exponential 
relationship between color number and percent CO2. When color numbers are between 0 and 2, 
the percent CO2 will change very little whereas the color number will change noticeably. In other 
words, changes in percent CO2 may not be as sensitive to small but significant differences in fungal 
growth when the color numbers are below 2. 
3.6 Procedures Related to Use of Commercially Stored Corn as Samples 
This section describes the procedures used for determining the carbon dioxide evolution of 
commercially stored corn using the CO2 kit tests. For these samples, the previous storage history 
was not available.  The distribution of CO2 evolution rates, along with the relationship of CO2 


























the effect of using a jar with a different size and profile was investigated. Results of the tests that 
used these procedures are reported in Chapter 4. 
3.6.1 Changes in Carbon Dioxide Evolution with Increased Time in Storage 
Samples received from TGI for a given rail car shipment consisted of samples from individual 
cars placed in sealed polyethylene quart bags. Each bag contained the majority of the sample used 
to determine the official grade from the representative sample collected during the loading of 
that rail car.  For the smaller shipments that consisted of 3 to 40 or 50 rail cars, samples from all 
of the cars were provided. In larger shipments where 60 to 100 cars were loaded, samples from 
many (about 50) but not all of the cars were provided.  The limiting factor that determined the 
maximum number of samples obtained from one of the larger shipments was the time available 
for TGI to conduct multiple “in situ” tests. After a sample was received from TGI, 2 to 6 samples 
were selected for further testing using the 72-hour incubation test. Selections were based on 
results of the “in situ” tests.  One or two samples with high, low, and average “is situ” color 
number values were used for the 72 hour incubation tests. Two replicates were prepared from 
each sample and tested using one pint (472 ml) glass jars. Results of the tests on the shipments 
were compared after 72 hour CO2 kit tests had been conducted on all the shipments received. 
3.6.2 Storage Time as a Predictor Variable in Estimating Changes in Carbon Dioxide Evolution 
After the samples from TGI were received and samples were selected for the 72-hour 
incubation test, the remaining samples from the shipments were left in the laboratory in the 
boxes and bags in which they arrived and placed on a wooden pallet. This meant that the unused 
samples were kept at room temperature in a room whose temperature typically remains between 
22ºC and 26ºC year around. The samples were not disturbed and after 12 months of storage in 
this condition project personnel recognized that it would be useful to test some of the samples 
again and compare the results with those from samples in the same shipment tested the previous 
year. Eight samples were chosen based on their moisture content when they were received from 
TGI. Some of the shipments chosen had either some of the highest or some of the lowest moisture 
contents of all the shipments tested. In addition, several were chosen because their moisture 
contents were near the average moisture content of all the samples received from TGI.  This 
provided balance in the sample pool. Initially three samples were chosen for each of the 
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shipments. Later, after the first set of tests was finished, it was discovered that some of the 
samples had been rewetted to moistures consistently above the target moisture. Therefore, a 
second set of three sub samples from the 8 shipments was assembled. 
The standard 72-hour incubation test was conducted on the first set of re-tested samples 
selected. For the second set of re-tested samples the same procedures were used with one 
exception. For this second re-test   target moisture content for re-wetting was 20.5% instead of 
the normal 21%. This produced a slight difference in the incubation moisture content between 
the two sets of tests and made it likely that the samples in the second re-test would have slightly 
lower moistures than the first re-test and also than the original tests that were conducted at the 
time the samples were received. It was reasoned that if the results of tests for the second 
rewetting, to a lower moisture, were similar to those of the first  it would be an additional 
indication that the CO2 test kit is able to detect differences in carbon dioxide evolution and also 
changes in carbon dioxide evolution rate of  samples from a given shipment with time.  They would 
also help to establish the effect of slight deviations in moisture content on the 72 hour CO2 test 
kit results. 
3.7 Procedures Related to testing of Frozen Corn Samples 
This section describes the procedures used for the CO2 kit tests conducted on corn that was 
harvested and soon thereafter frozen. Results obtained from the procedures explained in this 
section are given in Chapter 5. These experiments are referred to as “the storage tests” when 
discussed in the Chapter 5. 
 The corn harvested from the three plots, as described in section 3.1.2 was removed from the 
freezer, conditioned at room temperature (23 – 25oC) in the laboratory for 24 hours, and then 
placed in four 5 gallon (18.925 liters) HDPE containers. Each container held 3500 grams of the 
shelled corn and had a lid that fit tightly on the bucket providing a sealed storage condition. Corn 
from each plot had a unique moisture content except for plot 2 from which samples at two 
different moisture contents were obtained.  This gave four samples in four containers each with 
a different moisture content. A summary of the samples and sampling times for this experiment 
is given in Table 3.2. 
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Table 3.2 Samples and sampling times used in Room Temperature Storage Tests 
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D 26 3 1 
The total time each sample was stored in its container was based on moisture content. The 
maximum time for storage was selected after consulting ASAE D535 Shelled Corn Storage Time 
for 0.5% Dry Matter Loss. The last sampling was chosen so that the time of sampling would be a 
number divisible by 3 and would result in a predicted dry matter loss close to but not greater than 
0.5%. An examination of the storage times and sampling intervals in Table 3.2 reveals that for 
container D which originated from Plot 3, a sample of the corn was removed from the container 
and tested using the 72-hour incubation test every day until it had been stored for 3 days in the 
container. Approximately 400 grams of corn was removed at each sampling to ensure that there 
was enough sample for triplicate 72-hour CO2 kit tests. Subsequently, for container C, a sample 
was removed every 3 days until it reached 9 days of storage. Refer to the table for the schedules 
for samples B and A.  
In summary, each container was sampled 3 times and samples were removed after different 
times of the storage. Three replicates of the 72-hour CO2 kit test were conducted on each sample 
that was removed from the containers. To prevent the development of anaerobic conditions in 
the large storage containers, the lids of the containers were loosened periodically (every several 
days) for approximately 2 hours to simulate aeration. During this time, humid air was blown into 
the containers. This was accomplished by bubbling air from the building’s air distribution system 
through water and then through plastic tubing into the large storage containers. Prior to 
conducting the 72-hour CO2 kit test on the sample, it was dried in a forced convection oven at 
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40oC temperature until it reached a moisture content between 9 and 12%. This was an effort to 
make sure that all the samples were treated identically, meaning that they were all subjected to 
rewetting prior to the 72-hour CO2 kit test. Otherwise, the samples that were stored with moisture 
contents below the target moisture content of 21% would need to be rewetted while the samples 
stored at moisture contents higher than 21% would only be dried down to the target moisture.  
Another reason for drying all the samples was that past experience has shown that it is more 
difficult to hit the target moisture when drying samples than when wetting samples. 
3.8 Methods to Assess Sample Attributes as Additional Information for Explaining and 
Analyzing Differences in Carbon Dioxide Evolution among Samples 
As this study was intended to investigate the ability of the CO2 test kit to predict potential for 
fungal growth, it was useful to evaluate the samples using other methods that correlate to fungal 
susceptibility or corn quality. The results of these tests may support or help to explain the 
differences obtained using the CO2 test kit or they may give an indication of the sensitivity of the 
CO2 test kit to differences in susceptibility to invasion by storage fungi. 
3.8.1 Fast Green Dye Test 
The Fast Green Dye test (Chowdury and Buchele, 1976) was conducted on samples of the 
frozen corn as a means of measuring the level of physical damage to the kernels. At least 100 
grams of sample was sieved using a 4.76 mm (12/64 in.) round-hole sieve. The kernels were then 
soaked in a 0.1% aqueous solution of Fast Green FCF dye for approximately 4 minutes. Next they 
were placed in a strainer so that the corn kernels could be captured while the dye solution drained 
away.  Next they were washed under running water to remove excess dye. The dyed samples 
were placed on a paper towel on the counter in the laboratory and left to dry for 24 hours. The 
kernels were visually inspected and the damaged kernels were separated from the whole kernels.  
The dye stained (adhered to) the interior parts of the kernels exposed by damage to the pericarp 
or outer layers of the kernel while whole undamaged kernels were only stained on the tip of the 
kernel (at the tip cap). The Damage Index (DI) was calculated using the following equation: 
DI = [(%D1)(10) + (%D2)(10) + (%D3)(6) + (%D4)(2) + (%D5)(1)]/10 
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where DI is the damage index, D1 is the percent of the total sample weight  that consists of broken 
kernels that pass through the 4.76 mm (12/64 in) round hole sieve, D2 is the percent weight of 
severely damaged kernels (more than 1/3 of the kernel was missing), D3 is the percent weight   of 
kernels with major damage (open cracks, chipped portions, or severe pericarp damage), D4 is the 
percent weight of kernels with minor damage (hairline cracks or regions with missing pericarp), 
and D5 is the percent weight of whole kernels which are undamaged. 
3.8.2 Germination 
Germination tests were conducted using the modified procedure employed by Moog (2006). 
Either 100 or 200 whole kernels were placed on 2 to 3 layers of wet paper towel in a large plastic 
tray. The kernels were arranged in an array with numbers along two sides of the array so that the 
location of each seed could be identified.  They were then covered with wet toilet paper and the 
entire tray was covered with clear polyethylene plastic wrap as a means of reducing evaporation. 
The number of kernels that germinated were observed and recorded after 4 and 7 days. In some 
tests the vigor of each sprouted seedling was observed (length of sprout or root, etc.) and rated 
using a numerical score. 
3.8.3 Electrolyte Leakage 
The sample was passed over a 4.76 mm (12/64 in.) round-hole sieve to remove fine materials. 
This left larger broken and damaged pieces in the sample. Up to 400 ml of deionized water were 
placed in a 600 ml glass beaker and maintained at 25oC by partially immersing the beakers in a 
controlled temperature water bath.  One hundred grams of the sieved sample was poured into a 
glass beaker that contained 400 ml of deionized water. Right after being poured into the beaker, 
electrolyte leakage was measured using the YSI Model 35 conductance meter by inserting the 
probe of the meter into the deionized water. The value displayed by the meter was recorded and 
for the next 30 minutes electrolyte leakage was measured again at 5 minute intervals. Before 
inserting the probe into the water, the sample in each beaker was stirred slowly around the edge 
of the beaker for 5 times (Marks and Stroshine, 1998). In most cases, three replicates were 
prepared for each sample.  
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3.8.4 Fungal Count and Identification 
 Shelled corn from each of the samplings of each of the containers were sent to Dairyland 
Laboratories (Arcadia, Wisconsin) for determination of numbers of colony forming units (CFU) and 
sometimes for species identification. Results provided were colonies/gram of mold and yeast and 
percentage of colonies that were from each of several different genera of fungi that may have 
invaded or grew in the samples. The company provided the following information about their test 
procedures: Dilutions of the samples were placed on potato dextrose agar. For fungal 
identification, a dilution of 1/10000 was used while dilutions of 1/10000, 1/100000, and 
1/10000000 were used for fungal count using the ISO-GRID system. When the results were being 
analyzed, the question arose as to whether the samples were surface sterilized before the CFU 
tests were performed. Dairyland Laboratories was contacted and it was determined that the 
samples were not surface sterilized first – although the equipment and agar plates used for the 
tests was sterilized. Surface sterilization is a standard procedure for examination of kernels for 
internal invasion by fungi. Because the kernels were not surface sterilized fungal spores on the 
surface of the kernels, representing fungi that had not penetrated into the interior of the kernels 
may also have grown on the medium. Therefore, the results Dairyland Lab provided do not 
necessary indicate which fungi had grown in or into the interior of the kernels.  
3.9 Statistical Analyses 
Data obtained from the experiments in this study were analyzed using Microsoft Excel and 
the statistical software SAS 9.2 (SAS Institute, Cary, NC). Microsoft Excel was used for the linear 
regressions used to identify correlations between and among attributes, such as grading factors 
versus parameters derived from the color number curves.  It was also used for determining the 
slopes and values of the coefficient of determination (R2) of the regressions. Commands used in 
SAS included MEANS, REG, and GLM. For determination of statistical significance the alpha (α) 
was set at the default value of 0.05. SAS was used for analysis of variance (ANOVA) and, for some 
of the experiments also for Tukey comparisons. 
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CHAPTER 4. CARBON DIOXIDE EVOLUTION OF SHELLED CORN FROM COMMERCIAL GRAIN 
ELEVATORS AS INDICATED BY THE CO2 TEST KIT 
 The majority of shelled corn traded in the U.S. is co-mingled when it arrives at commercial 
grain elevators. As noted in the literature review, storage history (time stored at a given moisture 
content and temperature) can be used as an indicator of how much longer the shelled corn can 
be stored before fungal growth reaches an unacceptable level as indicated by dry matter loss 
(ASAE, 2005). This chapter explores the potential for use of the CO2 test kit in detecting differences 
in carbon dioxide evolution among samples of shelled corn taken from commercial unit train 
shipments.  The assumption underlying this study was that differences in carbon dioxide evolution 
are primarily related to differences in susceptibility to fungal growth during subsequent storage 
or shipment. The specific storage history of the corn was not fully known although it was possible 
to determine the general storage history. For example, the corn tested was probably harvested 
during the previous fall (fall of 2011) because elevators usually carry over very little corn from one 
harvest season to the next. Experiments described in this chapter were conducted on shelled corn 
received from 6 grain elevators located in or near towns north, northeast (Delphi) or northwest 
(Swanington) of West Lafayette, Indiana. Medaryville was the farthest away (~40 miles). Titus 
Grain Inspection (TGI) located in West Lafayette, Indiana, collected samples from each rail car that 
was loaded at the elevator and used those samples to determine the official grade of the shelled 
corn in each rail car. When TGI graded the sample they also removed a 100 g representative 
subsample and conducted an “in situ” CO2 kit test as described in Chapter 3 (section 3.2.2). The 
remainder of the sample that was used to determine the official grade was placed in a plastic 
freezer bag and made available to Purdue University for testing. TGI also sent Purdue a data table 
giving a summary of the grade factors determined for each sample and the “in situ” measurement 
on the sample. After the samples arrived at Purdue, between two and six of the samples were 
selected for analysis by means of the CO2 kit.  Samples selected had the highest, lowest and/or 
close to the average color number for  the  “in situ”   test.   For   shipment with 40 or 50 samples
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(rail cars) two in each category were selected giving a total of six samples.  For smaller samples 
only one in each of the three categories (low, average, and high) were selected or only the highest 
and lowest were selected.  
4.1 Overview and Distribution of Carbon dioxide evolution of All Received Samples 
Samples from a total of 29 shipments that were received from TGI were used in this study. 
Information regarding the destinations of the rail shipments was not provided but should be 
available in TGI’s records. Table 4.1 summarizes information on the shipments and number of 
samples Purdue tested. Dates when the shipments were received by TGI and when the samples 
were tested are also included. 
4.1.1 Consistency of the CO2 Test Kit in Detecting Carbon Dioxide Evolution Differences 
between Samples 
It seems likely that the samples varied in their carbon dioxide evolution patterns and it was 
hypothesized that the CO2 kit tests would reveal these differences. It was also assumed that a 
higher rate of CO2 production by the sample (a faster increase in color number with time) indicates 
the sample is more susceptible to fungal growth. This relationship was at least partially 
corroborated by the work of Moog et al. (2008, 2010).  Therefore, differences in color number for 
each hour of the CO2 kit test would indicate differences in carbon dioxide evolution and, based on 
the assumption, also indicate differences in fungal susceptibility among the samples. Figure 4.1 
depicts the average color number reading for the samples from each shipment for hours 72, 75, 
and 78 after the sample was initially rewetted. Recall (Section 3.2.1) that at hour 72 the paddle 
was tested and then placed in the sample jar for the first time. Each successive hour through hour 
78 the paddle was removed from the jar and read with the DCR.  The color numbers plotted are 
the average of the samples from the cars tested within each shipment at the three specified hours. 
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1 Reynolds-South 10/12/2011 12 3 10/21/2011 
2 Medaryville 10/25/2011 42 8 11/4/2011 
3 Swanington 11/11/2011 23 6 11/25/2011 
4 Swanington 11/18/2011 25 4 12/2/2011 
5 Brookston 11/19/2011 18 4 12/2/2011 
6 Medaryville 11/30/2011 32 3 12/16/2011 
7 Reynolds-South 11/30/2011 27 3 12/16/2011 
8 Swanington 12/2/2012 24 3 12/16/2011 
9 Delphi 12/5/2011 16 3 12/19/2011 
10 Medaryville 12/7/2011 42 3 2/6/2012 
11 Reynolds-South 1/13/2012 58 4 2/20/2012 
12 Swanington 1/20/2012 25 2 2/20/2012 
13 Medaryville 1/25/2012 59 2 2/20/2012 
14 Francesville 1/31/2012 5 2 6/24/2012 
15 Swanington 2/2/2012 25 5 7/1/2012 
16 Swanington 2/9/2012 25 4 6/24/2012 
17 Medaryville 2/13/2012 48 4 
7/1/2012; 
8/17/2012 
18 Francesville 2/15/2012 4 2 6/24/2012 
19 Francesville 2/22/2012 4 1 4/3/2012 
20 Reynolds-South 2/28/2012 60 2 4/3/2012 
21 Francesville 2/28/2012 6 1 4/3/2012 
22 Francesville 2/29/2012 3 1 4/3/2012 
23 Swanington 3/1/2012 18 2 4/3/2012 
24 Reynolds-South 4/19/2012 58 8 5/11/2012 
25 Francesville-Clymers 4/30/2012 9 9 
5/24/2012; 
5/28/2012 
26 Francesville-Clymers 5/4/2012 7 7 5/24/2012 
27 Francesville-Clymers 5/21/2012 8 8 
10/6/2012; 
10/13/2012 








Figure 4.1 Color numbers at hours 72, 75, and 78 for all shipments plotted with date received 
from TGI. 
In Figure 4.1lines connect the data points (color numbers) for the same hour after rewetting. 
There are only slight differences among the shipment averages for hour 72.  Differences began to 
emerge after hour 74 and were more obvious at hours 75 through 78. The samples that have 
relatively high or relatively low average color numbers for hour 75 have correspondingly relatively 
high or low numbers for hour and 78. The same was true for hours 76 and 77, which are not shown 
in Figure 4.1. Shipments 2, 5, 10, 13, 23, and 24 have lower color numbers for each hour of the 
test indicating that they have a slower carbon dioxide evolution rate. The consistency in the 
patterns of the lines for hours 75 through 78 means that, if a reading were taken at only one 
specified hour between 75 and 78that reading would give an indication of the relative carbon 
dioxide evolution rate of the sample. A relatively high color number for that hour would indicate 
higher CO2 production. For example, if readings were taken for a set of samples only at hour 75 
after re-wetting and one of the samples shows a color number which has a higher or lower color 
number than the average for all the shipments, that suggests that the sample with the relatively 
high color number has a relatively high CO2 production, and therefore possibly a greater 
susceptibility to fungal invasion and conversely a sample with the relatively low color number 
reading at that hour has a relatively low carbon dioxide evolution and low fungal susceptibility. 



























or low values have not yet been developed. Therefore, the samples were compared to the mean 
to determine whether a reading should be considered high or low. 
As sample number increases, the time that the corn was in storage before it was loaded into 
the rail cars also increases (Table 4.1).  A longer storage period means there was more time for 
fungi to grow in the sample and more time for the integrity of the cell and tissue membranes to 
deteriorate.   For example, the integrity of the protective pericarp could decline with time in 
storage and there is a chance that some fungal growth occurred during the storage period thereby 
predisposing the sample to continued fungal growth or invasion by other fungi. This was 
investigated by fitting linear trend lines to the data for each of the hourly readings. The slope and 
R2 values of the trend lines are given in Table 4.2. 
 
Table 4.2 Slope and R2 Values of Color Number Trend with Sample at Each Hour 
Hour Slope R2 
72 -0.00063 0.3824 
73 -0.00046 0.0552 
74 0.00260 0.1919 
75 0.00460 0.2188 
76 0.00425 0.1921 
77 0.00309 0.1654 
78 0.00241 0.1527 
 
The slopes in Table 4.2 are positive for hours 74 through 78. The trend lines have been added 
to Figure 4.1 to reveal the increase. The greatest slope is at hour 75. Although there is only a slight 
increase and there are often large fluctuations from one sample to the next, there is an overall 
trend in which carbon dioxide evolution increases as length of time in storage increases. This is 
consistent with the results of the study by Perez et al. (1982) in which corn stored at  14 and 15.5% 
moisture content at temperatures equivalent to average ambient temperatures in Indianapolis 
during those respective months had more fungal propagules after it had been stored for 7.5 
month than the same corn stored for 5.5 months or less. The corn stored for less than 5.5 months 
was at cooler temperatures because those are winter months. Perez and coworkers attained the 
average ambient Indianapolis temperature by determining the average daily temperature for 30-
years of weather data for Indianapolis. They also observed that, when subsequently stored at 
26oC, the18% moisture content corn was more likely to have been invaded by fungi than the corn 
stored at lower moistures. 
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4.1.2 Distribution and Average of Color Number Reading for Each Hour after Incubation 
Color numbers for all the samples were plotted using a box plot (Figure 4.2). The plot shows 
the distribution of the CO2 kit color numbers of the 29 samples for each individual hour after 
incubation. The box plot was constructed using the values of the maximum, minimum, median, 
1st quartile, and 3rd quartile readings.  Values of each of the two replicate test kit tests on each 
sample were used, so each box was constructed using 58 readings for a given hour. This was done 
to give a more complete picture of the distributions of the color numbers for each hour. 
Figure 4.3 reveals that the distribution for hour 75 seems to be the most like a normal 
distribution. It also seems to have the widest range. For other hours, especially those after hour 
75, the distribution seems to be skewed. Figure 4.3 is a plot of the average color number values 
for each hour, and Table 4.3 gives the values used to construct the box plots. 
 
 

























Figure 4.3 Average color numbers at each hour after incubation. 
Table 4.3 Average, Maximum, Minimum, and Quartile Values of Color Numbers at Each Hour 
after Incubation 
Hour Average Median Maximum Minimum 1st Quartile 3rd Quartile 
72 0.17 0.14 0.54 0.01 0.10 0.22 
73 0.61 0.63 1.07 0.26 0.50 0.71 
74 1.58 1.56 2.82 0.63 1.20 1.92 
75 2.72 2.74 4.09 1.16 1.98 3.44 
76 3.49 3.70 4.45 1.81 2.78 4.17 
77 3.85 4.07 4.58 2.21 3.35 4.33 
78 4.03 4.21 4.58 2.42 3.72 4.41 
 
4.1.3 The use of Slope to Predict Carbon Dioxide Evolution Differences with the CO2 Test Kit 
The overall pattern of the CO2 kit measurements can be examined by plotting the average 
color number at each hour and then connecting the points with straight lines. A typical curve is 
shown in Figure 4.4. The curve may be an indicator of the pattern of CO2 evolution from the 
samples. It has a shape similar to the curves for fungal growth (cumulative CO2 evolved versus 
time) given by Friday et al. (1989, 1990), Marks et al. (1993), and Ileleji et al. (2006). Friday et al. 
(1989, 1990) also plotted visible mold, respiration rate, and percentage of seeds infected with 
Penicillium spp. versus time. Respiration rate versus time curves were also included in Marks et 

























Figure 4.4 (a) Color number curve with time and (b) CO2 percent curve with time. 
Color number versus time curves for the individual samples tested were similar in shape to   
the curve shown in Figure 4.4a. The curves always turn upwards during the first one or two hours 
of the test and then turn downward during the last several hours. The rise during the early hours 
may indicate that there was rapidly increasing growth of fungi. With time, the growth starts to 
slow down and becomes more stable so that the color number plot is almost a straight line. After 
hour 76, the plot turns downward.  Although this also occurred in some of the other studies cited, 
those  studies covered  period of several days  and started at time “0” while the CO2 kit tests did 
not start at time “0” and only lasted for 6 hours.  Therefore, it seems likely that some other limiting 
factor caused the downturn of the curves. This could be caused by an accumulation of CO2 in the 
jars because of the absence of any form of aeration. This could suppress the growth of the fungi 
and slow the rate of CO2 production. Or it may also have been caused by a physical limitation of 
the technique used to measure the amount of CO2 produced. For example, there could be 
something that limits the absorption of the CO2 by the solution on the paddle. There is also a limit 
to the total color change that can be achieved with the gel solution. Values for the percent CO2 
measured using the DCR were also averaged and plotted versus time to give percent CO2 in the 
jar versus time as shown in Figure 4.4b. The curve has a shape  similar to the shape of the color 
number curve, in that there is a rapid increase between hours 73-76 after incubation and then 
the slope begins to decline after hour 76. 
Marks et al. (1993) proposed that the slope of CO2 evolution versus time curve be used instead 
of cumulative CO2 evolved as an indicator of corn storability (fungal susceptibility). The same 
approach was applied to this study. The slope used in this study was the slope of the line fitted to 
















































the plots, such as the one shown in Figure 4.4, the color number seemed to be increasing at a 
constant rate (linearly) during this time interval. Hour 76 was not included because at hour 76 
most curves began to bend downward and this would lower their slope. The slope could also be 
calculated using four readings instead of three and this possibility was examined. Table 4.4 
summarizes the slopes calculated using various combinations of hours. The values are averages 
for curves from the 29 shipments. 
Table 4.4 Average Slope Values of Color Number Curves 
Range Slope Tukey Grouping* 
Hour 73-75 0.982 A  
Hour 74-76 0.953 A B 
Hour 73-76 0.928 A B 
Hour 73-77 0.828  B 
Hour 75-77 0.636 C  
*) Slopes with different letters are significantly different at 0.05 level. 
 
As can be seen in Table 4.4, the average slope for the three color numbers at hours 73-75 was 
greater than the slopes for the other sets of three points. A statistical comparison using the Tukey 
grouping indicated that this slope was not significantly different from slopes for hours 74-76 and 
73-76 but it was significantly different from slopes for hours 73-77 and 75-77. For the comparisons 
made in this thesis, the slope for hours 73-75 will be used to compare carbon dioxide evolution 
between and among samples.  It is referred to as Slope73_75. This method of calculating the slope 
was chosen because the average value for all the samples of this slope was the steepest and it 
was not significantly different from average slopes at hours 74-76 and 73-76. Table 4.5 
summarizes the average color number and Slope73_75 values for each hourly reading. There were 
differences in these averages among the samples and some of these differences were statistically 
significant. The rows Table Average, Table Standard deviation, and Table Coefficient of Variation 
were calculated from the numbers shown in the respective columns of the table. Each of the color 
numbers in Table 4.5 is the average of two or three replicates. If the readings for each replicate 
and all samples are averaged, the values in the last three rows are obtained (Overall Average, 





Table 4.5 Average Color Number at Each Hour after Incubation and Slope73_75 for All Samples 
Sample Hour 72 Hour 73 Hour 74 Hour 75 Hour 76 Hour 77 Hour 78 
Slope73
-75 
1 0.253 0.790 1.335 2.333 3.198 3.767 3.967 0.772 
2 0.285 0.741 1.245 1.916 2.483 3.006 3.320 0.588 
3 0.247 0.674 1.603 2.769 3.619 3.976 4.153 1.048 
4 0.240 0.536 1.264 2.389 3.359 3.969 4.179 0.927 
5 0.205 0.750 1.534 2.596 3.418 3.781 4.026 0.923 
6 0.327 0.610 1.060 1.712 2.283 2.655 3.060 0.551 
7 0.233 0.695 1.500 2.613 3.352 3.720 3.995 0.959 
8 0.240 0.693 1.502 2.582 3.388 3.823 4.073 0.944 
9 0.173 0.625 1.683 2.743 3.640 4.078 4.270 1.059 
10 0.193 0.542 1.062 1.712 2.355 2.945 3.355 0.585 
11 0.120 0.648 1.220 2.008 2.930 3.410 3.540 0.680 
12 0.100 0.820 1.715 2.785 3.820 4.150 4.220 0.982 
13 0.110 0.545 0.975 1.575 2.360 2.945 3.075 0.515 
14 0.210 0.465 1.025 1.880 2.890 3.430 3.735 0.708 
15 0.084 0.506 1.728 3.196 4.030 4.230 4.326 1.345 
16 0.150 0.585 1.705 3.135 4.010 4.236 4.326 1.276 
17 0.110 0.548 1.826 3.274 4.083 4.255 4.320 1.364 
18 0.150 0.515 1.400 2.610 3.538 3.893 4.075 1.048 
19 0.100 0.520 1.460 2.620 3.515 3.905 4.090 1.050 
20 0.070 0.390 0.990 1.880 2.763 3.415 3.770 0.745 
21 0.060 0.460 1.200 2.220 3.150 3.700 3.990 0.878 
22 0.120 0.590 1.790 3.130 3.900 4.150 4.270 1.273 
23 0.140 0.410 0.940 1.625 2.390 2.980 3.420 0.607 
24 0.145 0.313 0.830 1.593 2.456 3.176 3.614 0.640 
25 0.176 0.530 1.821 3.332 4.007 4.224 4.303 1.401 
26 0.206 0.625 1.993 3.346 4.131 4.344 4.413 1.361 
27 0.113 0.619 1.825 3.386 4.207 4.361 4.428 1.383 
28 0.117 0.724 2.313 3.506 4.134 4.313 4.384 1.391 
29 0.123 0.865 2.344 3.807 4.277 4.366 4.430 1.471 
Table 
Average 
0.165 0.597 1.478 2.560 3.368 3.765 3.969 0.982 
Table 
St. Dev 
0.0684 0.1312 0.3976 0.6581 0.6495 0.5087 0.4136 0.3056 
Table Coef. 
of Variation 
0.413 0.220 0.269 0.257 0.193 0.135 0.104 0.311 
Overall 
Average 
0.172 0.614 1.579 2.719 3.488 3.847 4.032 1.052 
Overall 
St. Dev 
0.0869 0.1694 0.4897 0.7734 0.7381 0.5706 0.4581 0.3494 
Overall Coef. 
of Variation 






4.2 Detection of Changes in Carbon Dioxide Evolution after Storage 8-14 Months in Room 
Temperature 
4.2.1 Changes in Carbon Dioxide Evolution with Time 
From the 29 shipments received from TGI, eight shipments were selected and subsamples 
from these shipments were re-tested after being left in their bags in the laboratory at ambient 
temperature for between 8 and 14 months. This test was not planned in advance.  It was an 
“impromptu” test in the sense that it was recognized that the retaining of the samples for such a 
long period of time represented an opportunity to determine whether the carbon dioxide 
evolution rate from the samples increased as a result of aging. If it had been planned, care would 
have been taken to prevent moisture loss from the samples and additional characteristics of the 
samples that affect carbon dioxide evolution would have been determined. 
 Shipments selected for re-testing were chosen on the basis of their initial moisture content 
as recorded by TGI when the sample was graded and their condition at the time the re-tests were 
conducted. The moisture content of the 29 shipments had a range of 14 to 16.3%. The 8 shipments 
selected had moisture contents in the lower, mid, or upper portion of that range. Samples from 
the same shipment were tested two more times using the same 72-hour incubation method used 
in the original test but with a modification to the targeted rewetting moisture content for the 
second repetition of the test. When the samples were re-wetted for the first repetition the target 
moisture content was the same as it was in the original procedure, which was 21%. When the 
moisture contents of the samples from the first re-test were determined, some of the moistures 
were more than 0.5% higher than the moisture for the original CO2 tests. This caused concern 
about whether this higher moisture may have had a tendency to increase mold growth giving an 
inaccurate determination of whether the fungi were growing more rapidly as a result of a 
decrease in fungal susceptibility during long term storage.   Therefore, a second re-test was 
conducted. For this second re-test the target moisture content was 20.5%, slightly lower than the 
21% normally used for the test. 
If fungal susceptibility of the samples increased as a result of storage, it seems likely that the 
CO2 evolution would be more rapid.  Therefore, the re-tests were conducted to determine 
whether there were differences in CO2 evolution that could be detected with the test kit. The 
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assumptions were: 1) the longer the storage period, the higher the carbon dioxide evolution rate, 
and 2) the CO2 kit would be able to detect this change in carbon dioxide evolution. The second re-
test also made it possible to examine, at least in part, the effect of a slightly lower moisture 
content on the CO2 kit results. 
The shipment numbers selected for re-testing, the original test date, the re-test date, and the 
moisture contents for the shipments as recorded by TGI, and the oven moisture contents before 
and after rewetting are given in Table 4.7. Since the amount of shelled corn in individual sample 
was limited and the entire sample was used for the original CO2 kit test, it was not possible to use 
the same shelled corn sample for the re-test. Hence, the only choice was to use other samples 
from the same shipment for re-testing.  The TGI moistures in Table 4.6 indicate that, at the time 
the samples were taken, the moistures of samples from the same shipment were often within 
0.25 percentage points of each other but could vary by up to 0.75 percentage points (shipment 
12).  
Color number versus time plots for the eight samples are shown in Figure 4.5. The solid line 
represents the color number readings from the original tests. For all shipments except shipments 
3 and 12 the readings from the original test are lower than readings of the two re-tests. This is in 
accordance with the assumption that CO2 evolution increases with time of storage. Of the 8 
shipments re-tested the rate of mold growth as measured with the CO2 test kit, was more rapid 
in 6. This would be expected if the CO2 evolution of the 6 samples increased. It should be noted 
that curve for the first re-test of sample 3 is lower than the original curve. Examination of the data 
revealed that one of the three replicates had unusually low color numbers that decreased the 
average noticeably. If the data from this replicate were dropped, the curve from the first re-test 
would be nearly identical to the original curve. 
The second re-test was conducted to ensure that data were available for a re-tested sample 
that had a moisture less than or equal to the moisture of the original sample after re-wetting.  The 
moisture contents at various points in the testing cycle are summarized in Table 4.6.  As can be 
seen in that table all of the samples re-tested for the second time had lower oven moisture 
contents than the original samples that were tested. The difference ranged from -0.10 for sample 
11 to -1.13 for sample 24.  The differences between the two re-tests will be discussed later in this 
section.  
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Table 4.6 Moisture Content Values of 8 Shipments Selected for Re-testing with Re-wetting 








PU Oven M.C. 
M.C. Differences 





RT 1 – 
Orig. 
RT 2 – 
RT 1 
RT 2 – 
Orig. 
RT 1 – 
Orig. 
RT 2 – 
RT 1 
RT 2 – 
Orig. 
10 
Orig. 02/06/12 15.40 14.58 20.79 
-1.79 -1.61 -3.4 0.25 -0.74 -0.49 RT 1 01/09/13 15.50 12.79 21.04 
RT 2 05/11/13 15.33 11.18 20.3 
24 
Orig. 05/11/11 14.71 14.36 21.06 
-1.07 -1.36 -2.43 -0.08 -1.05 -1.13 RT 1 01/09/13 14.73 13.29 20.98 
RT 2 05/13/13 14.53 11.93 19.93 
6 
Orig. 12/16/11 15.27 14.89 20.77 
-3.59 -0.5 -4.09 0.8 -1.57 -0.77 RT 1 02/09/13 15.53 11.30 21.57 
RT 2 05/11/13 15.27 10.80 20.00 
11 
Orig. 02/20/12 14.90 14.90 20.66 
-1.58 -0.82 -2.4 0.46 -0.56 -0.10 RT 1 02/20/13 15.00 13.32 21.12 
RT 2 05/12/13 14.93 12.50 20.56 
12 
Orig. 02/20/12 15.85 14.90 20.91 
-2.21 -1 -3.21 0.28 -0.84 -0.56 RT 1 02/20/13 16.17 12.69 21.19 
RT 2 05/12/13 15.43 11.69 20.35 
23 
Orig. 04/03/12 15.60 15.40 20.79 
-2.15 -1.77 -3.92 0.4 -1.17 -0.77 RT 1 02/20/13 15.83 13.25 21.19 
RT 2 05/13/13 15.73 11.48 20.02 
3 
Orig. 11/25/11 14.75 14.48 20.85 
-2.91 -0.71 -3.62 0.2 -0.88 -0.68 RT 1 02/21/13 14.23 11.57 21.05 
RT 2 05/11/13 14.80 10.86 20.17 
20 
Orig. 04/03/12 15.30 14.78 20.86 
-2.08 -0.91 -2.99 0.29 -1.09 -0.80 RT 1 02/21/13 14.70 12.70 21.15 
RT 2 05/12/13 14.77 11.79 20.06 
*) Orig.: Original test; RT 1: First re-test; RT 2: Second re-test 
 
The curves in Figure 4.5 show how the color number, which correlates with the percent CO2 
in the jar in which the sample is incubated, rises with time at different rates for the 8 samples 
tested. For the samples from all shipments except those for shipments 3 and 12, the color number 
curve for the original test rises more slowly than the curves for the repeated tests. This is 
consistent with an increase in carbon dioxide evolution during the 8 to 14 months of storage at 
room temperature. It also supports the assertion that the CO2 test kit is able to detect differences 
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in carbon dioxide evolution. Finally, it is consistent with the results that would be expected if the 
fungal susceptibility increases with time in storage. 
 
 
Figure 4.5 Color number curves of the re-tested 8 shipments compared with the curves of the 
original test. 
 
Original test – 21% 
Retest 1 – 21% 







Since the curves for the re-wetted samples from shipments 3 and 12 were approximately the 
same as the original samples, their characteristics were examined to determine whether they had 
attributes that could explain why their apparent CO2 evolution did not increase. 
One distinctive characteristic of shipments 3 and 12 compared to the other 6 shipments was 
that in the original tests, these two shipments had the highest color number readings. Other 
factors that can affect carbon dioxide evolution include: a) the moisture content at which the corn 
was stored; b) the soundness of the kernels as indicated by the percentage of fines in the samples 
and the presence of damaged kernels; c) whether there are sufficient fungal spores present to 
serve as inoculum; and d) whether the corn was dried using high air temperatures. The data for 
moisture content in Table 4.6 indicate that shipment 3 was initially at a low moisture content (TGI 
moisture of 14.75%, Purdue oven moisture of 14.48%) and that its moisture dropped to 11.57% 
or below by the time the first re-test was conducted. Sample 12 started at a higher moisture (TGI 
of 15.85%, Purdue oven moisture of 14.90%) and it dried to a moisture of 12.69% or below before 
it was re-tested.  Although other samples that showed an increase in carbon dioxide evolution 
(color number curve above the curve for the original sample) also dropped to relatively low 
moistures, it is possible that these samples were more exposed than the other samples and that 
they dried more quickly thereby minimizing the amount of deterioration that occurred. 
The following is a discussion of the differences between the two re-tests. For the two re-
tests on samples 10, 11, and 20, the second re-tested samples had moisture contents 0.74, 0.56, 
and 1.09 below the moistures in the corresponding samples from the first re-test. For these 
samples, the lower moisture content did not appear to affect the carbon dioxide evolution 
measurement. However, it should be noted that the second re-test was conducted after an 
additional 3 to 4 months of storage. Although the storage moistures were low at the time (Table 
4.6), it is possible that there was additional deterioration of the sample that led to an increase in 
carbon dioxide evolution that offset the lower moisture content. For shipments 12 and 23 the 
color number curves for the two sets of samples had different curvatures in several places but 
they remained close to each other while first one and then the other curve had the higher color 
number. The observations on shipments 12 and 23 would be similar to those made on samples 
10, 11, and 20. 
There were greater differences between the two re-tests in the remainder of the samples. 
In shipment 24, the curve for the second re-test was slightly above the curve for the first re-test, 
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indicating that the mold developed slightly more rapidly in the sample from the second re-test 
even though it had a moisture content 1.05 percentage points below the first re-test.  
Approximately 3 to 4 months elapsed between the two re-tests, and it is possible that the 
CO2evolution of the shipment 24 samples increased during the time between the two re-tests. An 
examination of the grading factors for shipment 24 revealed that the grading factor Damaged 
Kernels Total (DKT) averaged 4.08 for all the samples taken from all the rail cars in this shipment, 
which was the second highest for the eight shipments evaluated (range 1.21 to 4.19 with an 
average of 2.46) and that the average percent foreign material for the rail cars in shipment 24 was 
2.98 which was the highest for any of the shipments (range 1.20 to 2.98, average 2.20). These 
attributes may have contributed to the increase in the sample 24’s CO2 evolution rate. 
The greatest difference between the color number curves for the first and second re-tests 
was observed for shipment 6 and the second greatest difference was for shipment 3. The grading 
factors DKT and BCFM for shipment 6 are close to the average values for all the samples indicating 
that the level of kernel damage in the sample was neither unusually high nor unusually low.  
However, on this pair of tests the moisture content of the second re-test was 1.57 percentage 
points below the moisture in the first re-test.  This large difference in moisture content could 
explain much of the difference in the two curves.  Finally, for the two re-tests on shipment 3 the 
first re-test was below the original color number curve while the second re-test was almost 
identical to the original.  As explained earlier in this section, the color number curve for one of the 
subsamples tested with the CO2 kit had a lower color number curve than the rest of the samples.  
If this sample is removed and the remaining two subsamples are averaged, the color number 
curve for the re-test will be almost identical to the curve for the original sample. As observed in 
the previous discussion comparing the first re-test with the original test, this sample had relatively 
low levels of DKT and BCFM indicating that it had lower levels of kernel damage which could help 
to explain why its CO2 evolution did not increase appreciably during the year of storage at a low 
moisture content. 
An ANOVA test was conducted to examine whether the differences between the 
Slope73_75 of the original test and the Slope73_75 of the re-tests were statistically significant. 
Using an alpha level of 0.05, the ANOVA results indicated that the differences between the first 
and second re-test were statistically significant. The complete ANOVA table is included in 
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Appendix C. A Tukey’s test was used to examine which test times had differences that were 
statistically significant. Table 4.7 presents the Tukey’s test results.  
 
Table 4.7 Tukey’s Test for Differences in Slope73_75 Means between the original 





RT 1 – RT 2 0.01938  
RT 1 – Orig. 0.41194 * 
RT 2 – Orig. 0.39256 * 
*) Means with an astericks are significantly different (α = 0.05). 
 
The Tukey’s test results indicated that the differences in the Slope73_75 mean values 
between the original test and re-test 1 were statistically significant and the differences between 
the original test and re-test 2 were also statistically significant. The differences between the two 
re-tests, however, were not statistically significant. This suggests that storage that occurred in the 
period between the original test with the two re-tests may have triggered more CO2 production, 
possibly from the growth of fungi. However, using a lower target incubation moisture content for 
the second retest, a target of 20.5% rather than 21% as in re-test 1, apparently did not make a 
statistically significant difference.  
4.2.2 Factors Contributing to Changes in Carbon Dioxide Evolution with Time 
This section discusses factors that could help to explain the changes in CO2 evolution 
between the 8 shipments. The factors include differences in total damaged kernels, amount of 
fine material, percent germination, and electrolyte leakage.  
Total damaged kernels and the amount of fine material in the samples could be determined 
from the data for the official grades of the samples in each shipment along with the overall 
averages of these grading factors for all the samples in the shipment.  The averages for the eight 
samples re-tested are shown in Table 4.8. DKT is used to designate total damaged kernels and 
BCFM designates broken corn and foreign material BCFM is an indicator of percent fines in the 
sample. Resources were not available for determining the number of colony forming units (fungal 
spores) present in the original samples. Although most of the corn dried in Indiana is dried in high 
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temperature cross flow dryers, there is no way of determining whether the samples had been 
dried in a high temperature dryer nor what air temperature was used during drying. 
 






TW1 MC2 DKT3 HT4 BCFM5 
3 65 56.13 15.13 1.23 N.R.* 1.68 
6 32 57.24 15.27 1.21 N.R.* 2.38 
10 64 56.41 15.17 1.25 N.R.* 1.20 
11 65 58.09 15.03 4.19 0.0 2.36 
12 25 58.96 15.44 2.69 0.0 1.90 
20 66 58.28 15.10 3.25 0 2.94 
23 25 59.28 15.57 1.79 0 2.16 
24 65 58.14 14.76 4.08 0 2.98 
Average value 57.82 15.18 2.46 0.00 2.20 
Maximum value 59.28 15.57 4.19 0 2.98 
Minimum value 56.13 14.76 1.21 0 1.2 
1) TW: Test Weight (pounds/bushel); 2) MC: Moisture Content (%w.b.); 3) DKT: Damaged 
Kernels Total (%); 4) HT: Heat Damage (%); 5) BCFM: Broken Corn and Foreign Material 
(%); *) N.R.: Not recorded 
 
According to the data in the Table 4.8, the levels of fine material in shipments 3 and 12, and 
the total percentage of damaged kernels (DKT) in sample 3 were next to the lowest for the 8 
samples re-tested and noticeably lower than the averages of these values for all 8 shipments.  The 
DKT for sample 12 (2.69%) was slightly above the overall average for the 8 shipments and 
the %BCFM in the sample was only slightly below the overall average. Although these values could 
have contributed to their lower CO2 evolution rates, it seems likely that other factors were 
involved. These types of tests could be repeated with more precise and extensive control over the 
moisture contents during “storage”. 
The results of the germination tests on samples from the 8 shipments are summarized in 
Figure 4.6. The germination tests were conducted after the second re-test was done. Shipment 
12 had the next to the lowest percent germination, 39%, while sample 3 had the next to the 
highest percent germination, 60%. If seed respiration made a significant contribution to the CO2 
levels in the jars, then it would have tended to increase the CO2 levels in the jars containing a 
sample from shipment 3 while tending to decrease the CO2 production in the jars containing 
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sample 12.  Therefore, seed germination does not explain the observed differences among the re-
tested samples. 
 
Figure 4.6 Percent germination of the 8 tested shipments. 
Electrolyte leakage was proposed by Marks and Stroshine (1998) as a rapid test to predict 
storability of shelled corn. They related it to shelled corn storability since it increases as the seed 
quality declines. Results of electrolyte leakage tests on the 8 shipments are given in Figure 4.7.  
Although the electrolyte leakages of samples 3 and 12 were slightly below average, the 
differences are not great enough to explain the relatively low CO2 production by these two 
samples compared to the other samples.  
 
 







































































4.3 Comparison of the 72-hour Incubation Test with the In-situ Test and Grading Factors 
4.3.1 Comparison of the 72-hour incubation Test with the In-situ Test 
The values of Slope73_75 from all the tests were plotted versus the results of the in-situ 
tests conducted by TGI. (The procedure for the in-situ test is described in section 3.2.2.) In addition, 
color numbers at hour 75 after re-wetting were also plotted versus the in-situ values.  The hour 
75 color numbers were selected because, as noted in section 4.1.2, they are most likely to be 
normally distributed and as noted in discussions of Table 4.2 the hour 75 readings seemed to be 










Figure 4.8 Values from In-situ test plotted with Slope73_75 values and color 
numbers after hour 75. 
A total of 118 of 119 data points available were used in the plots. One data point from the 
in-situ test was considered to be an outlier and was removed from the data set.  For both plots of 
Slope73_75 and the hour 75 color number versus the “in situ” color number there is a positive 
correlation and an upward trend. However, there is a lot of scatter in the data and the values of 
r2 are relatively small. Additional experiments are needed to better define the relationship 
between the two in-situ tests and the 72 hour test with re-wetting.  If stronger correlations can 
be established, the in-situ test could be used  to screen samples being shipped from a facility to 
identify those shipments of bulk of shelled corn that should be tested using the presumably more 
precise technique involve re-wetting of the sample and used in this study. The advantage of the 
in-situ test is that it can be completed in 24 hours and does not require any sample preparation 
or repeated monitoring. A grain elevator employee would only need to collect a representative 
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sample, split it until the right size sample is obtained, incubate the samples in glass jars overnight, 
and measure the carbon dioxide evolution after 24 hours using the DCR. 
4.3.2 Comparison of the 72-hour incubation Test with Grading Factors 
As noted in chapter 3, TGI provided Purdue with information on the grade factors of the 
samples they collected. Regression analysis was used to compare three of the grade factors with 
the results of the 72-hour incubation test. The three grade factors selected were: Grade number, 
DKT, and BCFM. These factors were plotted versus Slope73_75 values and the hour 75 color 
numbers. The rationale for choosing these two indicators was explained in section 4.3.1. The plots 
are given in Figure 4.9. 
Figure 4.9 includes all 119 data points available.  For all the plots there was a positive trend, as 
was anticipated. The values of r2 for the regressions ranged from 0.199 to 0.296. All three factors 
are influenced by the level of damage to the kernels.  Kernel damage allows fungi to invade the 
kernel more easily.  Therefore, as each factor increases fungal growth should be easier, the risk 
of damage from fungal growth should increase, and the CO2 evolution by the samples should be 
greater.  Further investigations should be conducted to determine whether the correlations can 
be strengthened or used as an indicator of fungal susceptibility. 
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Figure 4.9 Values of grade factors plotted with Slope73_75 values and color 
numbers after hour 75. 
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CHAPTER 5. CARBON DIOXIDE EVOLUTION OF FROZEN SHELLED CORN AS INDICATED BY THE 
CO2 TEST KIT 
This chapter describes experiments conducted on shelled corn harvested from Purdue 
University plots in August 2012. These tests were conducted to determine whether the CO2 kit 
could detect differences in CO2 evolution in samples from different sources that were stored at 
room temperature for different periods of time. The assumption behind these tests is that the 
CO2 evolution of a sample of corn will increase with time in storage because, as the corn is stored, 
it becomes easier for storage fungi to invade and then grow in the kernels. If all other factors 
affecting fungal growth are held constant, there should be an increase in CO2 evolution rate as 
time in storage increases. Furthermore, the CO2 test kit should be able to detect these increases.  
Harvesting shelled corn from Purdue plots allowed greater control over the attributes of the 
corn because the way in which the corn was harvested and stored could be controlled or recorded. 
This allowed for a more detailed analysis of differences in CO2 evolution, something that could 
not be done in tests on commercial samples where details such as previous storage time, 
temperature, and moisture content were not known and could not be determined. 
This chapter reports on the results of the tests on samples of corn that were harvested from 
Purdue farms, shelled and/or partially dried as necessary, and then frozen until it was used for 
tests.  Details of the procedures for harvesting and freezing the samples are in Section 3.1.2 and 
Section 3.7. The corn was harvested on August 30th, 2012 and, with the exception of the ear corn 
that had to be shelled, frozen within two or three days.  The ear corn was shelled within 11 days 
after it was harvested and subsequently frozen.  CO2 kit tests were conducted on samples 
removed from the HDPE incubation containers at specified sampling intervals (Table 3.2). Color 
number curves (color number reading versus time after initiation of the test) were drawn using 
results from CO2 kit tests.  The curves were compared in three different ways: (1) four color 
number graphs were drawn, one for the control and one for each of the three sampling times 
with color number curves for all four moistures plotted on the same graph, as described in section 
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5.1.1; (2) four color number graphs, one for each of the four moisture contents with the control 
and all three samplings were plotted on the same graph, as described in section 5.1.2; and (3) four 
bar graphs were drawn, one graph for each moisture showing the magnitudes (height of the bars) 
of the slopes of the color number curves (Slope73_75) for the control and each of the three 
samplings, as described in section 5.1.3.  Section 5.2 reports results of evaluations of three other 
factors, in addition to moisture content, that are associated with differences in CO2 evolution 
among samples of shelled corn. The three factors are: kernel damage, germination, and 
electrolyte leakage. Section 5.2.2 summarizes the results of tests for the number and types of 
fungi and yeast present in the samples at the end of the testing period.  
5.1 Changes in Carbon Dioxide Evolution of Shelled Corn at Various Moisture Contents 
5.1.1 Effects of Moisture Content on Changes in Carbon Dioxide Evolution 
As described in chapter 3 section 3.7.1, the samples were obtained from 3 plots located on 
Purdue farms. After being kept in frozen storage at -20oC for 6 – 8 months, the four samples, 
having moisture contents of 15%, 18%, 22%, and 26% (Section 3.7,Table 3.2), were removed from 
the freezer, equilibrated to room temperature, and  placed in large plastic buckets (5 gallon 
capacity).  The containers were kept in the laboratory where samples could be removed and 
where they could be aerated periodically. As explained in section 3.7, the length of time before 
the samples were removed varied, with shorter sampling intervals used for the higher moisture 
samples. The samples that were removed from the containers were tested with the CO2 kit to 
determine their CO2 evolution rates. 
The expected outcome for the CO2 kit tests was that the higher the moisture content of the 
sample, the more rapidly the color number curve would rise. A more rapid rise would correspond 
to a greater carbon dioxide evolution rate. However, the expected results were not obtained. 
Graphs of the color number curves for the four samples at each of the three sampling times are 
given in Figure 5.1. A set of “control” curves is included. These curves were for samples that were 
tested as soon as they were removed from the freezer and adjusted to 21% moisture content for 
the CO2 kit test. It should be noted that the samples stored in the buckets at 18% and 22% 
moisture content both came from plot 2. Recall that the times when samples were removed for 
CO2 kit testing varied as described in section 3.7.1 Table 3.2. 
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Figure 5.1 Color number curve comparisons for various storage moisture contents. 
The test results for the control samples are a measure of the initial CO2 evolution of the 
samples. The differences among the curves suggest that, initially, the test samples had a relatively 
broad range of CO2 evolution. However, one of the three curves was not in the expected order. 
As expected, the 15% m.c. corn had the lowest color number curve since it had the lowest 
moisture content and had less water to support fungal growth. Following the 15% m.c. the normal 
order of the remaining curves would be 18% m.c., 22% m.c., and 26% m.c. All other factors being 
equal, the higher the moisture content, the more rapid the mold growth. Instead, the curve for 
the 26% m.c. corn was between the 15% m.c. curve and the 18% m.c. curve and both were below 
the 22% m.c. curve. The curves are essentially in this same order at each of the three sampling 
times. The one exception is for the first sampling where the curve for the 15% m.c. sample is 
slightly above the curve for the 26% m.c. sample.  This suggests that, in addition to moisture 
content, other characteristics of the three samples influenced the order. It is likely that the 
differences in levels of damage, as described in section 5.4 of this chapter, are largely responsible 
for the unexpected order of the samples. However, germ respiration may have also had an effect, 






Closer examination of the graphs for the three samplings reveals more information regarding 
the effect of storage moisture content on CO2 evolution. Given the differences in the inherent 
CO2evolution characteristics of the samples (curves for the control samples) it seemed 
appropriate to eliminate, or at least reduce, the effects of the other factors by analyzing the 
effects of moisture content in two groups: (i) the 15% m.c. and 26% m.c. corn and (ii) the 18% m.c. 
and 22% m.c. corn.  
In the first comparison, the 15% m.c. corn versus the 26% m.c. corn, the results for the control 
indicate that the 26% m.c. sample had a slightly higher CO2 evolution rate than the control.  It 
appears as though this difference disappeared for the first sampling where the 15% color number 
curve is slightly above the 22% curve. However, in the graphs for the second and third samplings 
the color number curves for the 26% m.c. corn are once again above the curves for the 15% m.c. 
corn. The different sampling times should also be considered when making the comparison. The 
first sampling, of the 26% m.c. corn was after only 1 day of storage while the 15% m.c. corn was 
sampled after being in the container for 7 days. Similarly the second and third samplings were 
taken after 2 and 3 days for the 26% m.c. corn while for the 15% m.c. corn the samples were taken 
after 14 and 21 days, respectively. It seems possible that, at the time of the first sampling when 
the order of the curves was reversed, the moisture effect had not yet begun to contribute to 
fungal growth in the 26% m.c. corn while the 3 days before the first sample of the 15% m.c. sample 
gave more time for the fungi to begin growing. The fact that the curve for the 26% m.c. corn was 
higher than the curve for the 15% m.c. corn after only 3 days of storage suggests that if the 26% 
m.c. corn were to be sampled on the same days on which the 15% m.c. corn was sampled, the 
color number curves for the 26% m.c. corn would be noticeably higher than those of the 15% m.c. 
corn. It also suggests that moisture content during storage influences the color number curve and 
that the higher the m.c. of corn the greater its’ effect on the CO2 evolution of the corn.  The results 
also suggest that the CO2 kit is able to detect differences in CO2 evolution among samples that 
may have been caused by other factors such as an undetected increase in moisture content. 
Another factor that complicates the comparison of the 26% m.c. and 15% corn is the 
possibility of freezing injury to the 26% m.c. corn that could have killed some of embryos of the 
corn kernels and thereby reduced the contribution of seed respiration to the overall CO2 evolution. 
The studies conducted by Kiesselbach and Ratcliff (1920), which will be discussed in more detail 
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in section 5.3.3, indicate that the germination can be reduced by 50% or more when corn kernels 
are frozen at -20 oC. 
The second comparison was the 18% m.c. corn versus the 22% m.c. corn. The observations 
for this comparison are similar to those from the first comparison. However, the comparison 
reveals more about the effect of moisture content on CO2 evolution. Both the 18% and 22% m.c. 
corn were harvested from the same plot. This eliminates most if not all of the effects related to 
the properties of the corn. In other words, since the samples were taken from the same source, 
any differences in CO2 evolution were probably caused by the difference in moisture content. The 
color number curve for the higher moisture sample, the 22% m.c. corn, was above the curve for 
the 18% m.c. curve for the control samples and for the second and third samplings while the 
curves for the first sampling were almost identical. However, unlike the comparison of the 15% 
m.c. and 26% m.c. samples, the curves for the third sampling, seem to overlap with each other. 
As in the first comparison, it is appropriate to consider the time at which the samples were taken.   
The first and third samplings of the 18% m.c. corn were taken after 5 and 15 days of storage, 
respectively while for the 22% m.c. corn the sampling was after 3 and 9 days. If the samples would 
have been taken on the same day, then it seems likely that the color number curves for the 22% 
m.c. corn would be higher than the color numbers for the 18% m.c. sample.  The higher m.c. 
sample apparently had a higher CO2 evolution rate. 
5.1.2 Effect of Storage Time on Changes in Carbon Dioxide Evolution 
Another approach to comparing the results of the storage test is to evaluate the effect of 
storage time on CO2 evolution when using the test kit. The longer corn is stored at a given moisture 
content, the more time there is for fungal growth. Regardless of the moisture content at which 
the shelled corn is stored, the CO2evolution should increase with time. However, the CO2 
evolution rate may change more rapidly at higher moisture contents, and that is discussed in 
section 5.1.3. This section focuses on what happens to each sample having a given moisture 
content as time in storage increases. 
Four color number versus time graphs are shown in Figure 5.2, one graph for each of the four 
moisture contents. Each graph shows the change in the color number with time for the three 
samplings and for the control at one of the four moisture contents.  Ignoring the graphs for the 
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controls, results were as expected because the CO2 evolution increased with longer time in 
storage. However, there were several exceptions. 
 
Figure 5.2 Color number curves comparisons for different storage lengths. 
When the first, second, and third samplings are compared, most of the differences were small. 
For the 22%, and 26% m.c. samples, the order of the curves was as expected. The color number 
curve for the first sampling was the lowest, with the curve for the second sampling above the first 
and the third curve above the second. For the 15% m.c. corn, the color number curves for the first 
and second samplings were nearly identical for the first several hours of readings. Eventually the 
curve for the second sampling dropped below the curve for the first sampling. For the 18% m.c. 
samples the curve for the second sampling was always just slightly below the curve for the first 
sampling. The curves for the third samplings of both the 15% and 18% corn were higher than the 
curves for the first and second samplings. 
One explanation for why the color number curves for the 22% and 26% m.c. corn followed 
the expected trends is that they had relatively high moisture contents. The moisture levels at 






may have allowed the differences to become evident sooner. Similarly at the lower moisture 
contents, 15% and 18%, the fungi should grow more slowly and that may have delayed the 
expression of the differences until the third sampling.  
When the color number curves for the control samples in Figure 5.2 are considered, 
interpretation is more difficult. These samples were not stored in the laboratory container before 
they were evaluated using the CO2 test kit. They were tested several days after being removed 
from the freezer. Furthermore, the control samples were actually tested approximately one 
month after the storage test with the three samplings. One possible explanation of the 
unexpected position of the curves for the control samples is that the control samples were kept 
at a low temperature longer and the lower temperature may have suppressed biological activity. 
One problem with this explanation is that in the graphs, the control curves were above at least 
some of the curves for the three samplings. The 18% m.c. sample is the one exception in which 
the control curve was well below the third sampling curve and only initially did it overlap with 
curves for the 1st and 2nd samplings. Later it fell below all the other curves.  For the remaining 
samples, the control color number curves were either higher than all the other curves (26% m.c. 
sample) or overlapped with the other curves at some point during the test (22% m.c. sample). 
One explanation for this is that the one additional month of storage for the control samples may 
have triggered fungal growth despite the samples being kept in the freezer. 
Another explanation is that the control samples did not receive sufficient aeration.  It is 
possible that the oxygen levels in the 5 gallon buckets dropped to the point that it inhibited fungal 
growth while allowing yeast to grow. This did not happen to the control samples because they 
were never placed in the sealed 5 gallon buckets. Evidence for this happening in at least some of 
the sample is presented in section 5.2.4  
5.1.3 Predicting the Rate of Carbon Dioxide Evolution Change using the Slope of the Color 
Number Curve 
In Chapter 4, the slopes of the color number curve between hours 73 and 75 (Slope73_75) 
revealed what were assumed to be significant CO2evolution differences among samples of corn 
collected from rail cards that were being loaded at various elevators. As in Chapter 4, it was 
expected that Slope73_75 would increase with time thereby indicating that the CO2 evolution of 
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the samples increased as time in storage increased.  Values for Slope73_75 for each of the curves 
are given in Table 5.1 along with the average of all samplings including the control for a each 
individual moisture and the average for each individual sampling (1st through 3rd) and for the 
control across all moistures. 
Table 5.1 Values for Slope73_75 for each sampling for each sample moisture. Values shown are 
the average of two replicates. 





15% 0.868 0.775 0.705 0.862 0.8025 0.0777 0.0968 
18% 1.288 1.390 1.405 1.507 1.3975 0.0896 0.0641 
22% 1.412 1.615 1.602 1.670 1.5748 0.1124 0.0714 
26% 1.065 0.782 0.837 1.073 0.9392 0.1515 0.1613 
Average 1.158 1.141 1.137 1.278    
St. Dev 0.2409 0.4280 0.4338 0.3747    
Coef. Of Var. 0.2080 0.3753 0.3815 0.2932    
 
An ANOVA with the Tukey’s range test was used to determine statistical significance of the 
differences in Slope73_75 values between moisture contents (15%, 18%, 22%, and 26%) and 
between sampling times (control, 1st sampling, 2nd sampling, and 3rd sampling). Results of the 
Tukey’s tests are given in Table 5.2 and Table 5.3. Differences in both moisture content and 
sampling times were significant at an alpha level of 0.05.  The coefficients of variation are, for the 
most part, similar indicating that, at least approximately, the data are consistent with the 
assumption for the Tukey’s test that the variances of the different measurements are equal.  
Table 5.2 Tukey’s Test for Differences in Slope between Moisture Contents 
Moisture Content Average Slope Tukey Grouping* 
22% 1.575 A 
18% 1.398 B 
26% 0.939 C 
15% 0.803 D 
*) Slopes with different letters are significantly different (α = 0.05). 
Table 5.3 Tukey’s Test for Differences in Slope between Sampling Times including Control 
Sampling Average Slope Tukey Grouping* 
3rd 1.278 A 
Control 1.158 B 
1st 1.140 B 
2nd 1.137 B 
*) Slopes with different letters are significantly different (α = 0.05). 
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 The differences between the Slope73_75 values for different moisture contents are 
statistically significant (Table 5.2) and the average value of Slope73_75 was greatest for the 22% 
m.c. corn followed by, in decreasing order of magnitude,  the values for the 18% m.c., 26% m.c., 
and 15% m.c. samples. In contrast to this, according to the ANOVA for the averages for each 
sampling and the control (Table 5.2) only the difference between the 3rd sampling and the other 
three was statistically significant. The 1st sampling, 2nd sampling, and control were in the same 
group. When the control was dropped from the data set and the comparison was repeated using 
only the 1st, 2nd, and 3rd samplings, the results were similar, with only the difference for the 3rd 
sampling being statistically significant.  
Figure 5.3 summarizes and compares the values of Slope73_75 for each reading for each 
sampling and the control for the four moisture contents. An ANOVA test was used to examine 
differences in Slope73_75 among the samplings. Those differences were significant at an alpha 
level of 0.05 for the 18% m.c., 22% m.c., and 26% m.c. samples while for the 15% m.c. sample 
differences were not significant. Results of Tukey tests, which were also conducted on each of the 
samples, are presented in Figure 5.3. 
Figure 5.3 adds to the comparisons discussed in sections 5.1.1 and 5.1.2, which were based 
on Figure 5.1 and Figure 5.2. The 15% m.c. corn had the lowest slopes of all the samples tested 
while the 22% m.c. sample had the highest slope and the 18% sample had the 2nd highest slope. 
For each of the four samples, the third sampling had the highest slope. This suggests that the 
values of Slope73_75 may be a sensitive indicator of differences in carbon dioxide evolution. The 
higher the value of Slope73_75, the higher the color numbers and the greater the CO2 evolution. 
Since Slope73_75 is apparently an indicator of CO2evolution, it seems likely or at least possible 
that changes in slope indicate an increase or decrease in CO2 evolution. The greater the increase 
in slope, the faster the increase in CO2 evolution. Slope73_75 could be determined at several 
times during an extended storage period. The faster the slope changes, the faster the increase in 
CO2 evolution and, if it is assumed that CO2 evolution rate is an indicator of fungal susceptibility, 




Figure 5.3 Comparison of Slope73_75 values for all samplings and the control for the samples at 
each moisture content. 
 
*)  Slope73_75 differences are significant (α = 0.05) between sampling times. 
**)  Slope73_75 values with different letters within each moisture content are significantly 


















5.2 Other Attributes Associated with Fungal Susceptibility Changes 
5.2.1 Physical Damage of Kernels 
The physical damage to the kernels within each of the samples was determined using the fast 
green dye test as described in section 3.8.3. The test gives a damage index (DI) that is calculated 
from the proportion of kernels from the sample in each of five categories of damage. The 
categories are designated as D1, D2, D3, D4, and D5 with D1 being kernels having the most severe 
damage and D5 being kernels that are not damaged. A higher DI value indicates that there is a 
higher level of damage to the kernels in a specific sample or grain bulk. The test was conducted 
on representative subsamples taken from the corn that was harvested from each of the three 
plots on the Purdue farms. Three replicate subsamples were evaluated for each plot. Table 5.4 
gives the DI values for each of the replicates together with the average of the three replicates. 
Recall that the 18% and 22% samples originated from the same plot. 
Table 5.4 Values of DI for All Plots 
Moisture Content 
(% w.b.) 















13.19 2 13.70 
3 13.21 
The results (Table 5.4) revealed that sample number 2 had the highest DI and therefore had 
the most damage. A closer look at the average values of the DI components for each sample is 
shown in Figure 5.4, which gives the percentage by weight of kernels classified in categories D1 
through D5 for samples from each plot.  The figure shows that a majority of the sample harvested 
from plot 2 (ears harvested by electric sheller) is categorized as D4 as opposed to the samples 





Figure 5.4 Percentage of kernels in each of the DI categories for corn from all three plots. 
The higher level of physical damage in the corn harvested from plot 2 means that a high 
proportion of the kernels could be more easily invaded by fungi and that in turn helps to  explain 
the more rapidly increasing color number curves in the storage tests conducted on the  18% and 
22% moisture content samples. Note that in Figure 5.4 the percentages of each component, D1, 
D2, D3, and D4, for plot 2 are higher than the respective D values for corn harvested from plots 1 
and 3. Furthermore the percentage in category D5, kernels with no damage, is lower than for corn 
from plots 1 and 3. The higher level of damage apparently allowed more rapid development of 
fungi which in turn gave a greater rate of CO2 release so that the color number curves for these 
samples were above the curves for samples with less damage. The damage level of the corn from 
plot 2 was also higher than the damage level of the corn in plot 3 and that helps to explain of why 
the color numbers of the 18% and 22% m.c. corn were higher than for the 26% m.c. corn 
throughout the period of time when color number readings were being taken. 
Physical damage, such as cracked and broken kernels or even damage to the kernel pericarp, 
allows fungi easier access to food sources that the fungi can more easily metabolize. It seems 
likely that this, in turn, would allow faster fungal growth. This means that the level of physical 
damage is an indicator of fungal susceptibility and it can be used to identify samples that will have 
a greater fungal susceptibility. Therefore, assuming that a higher CO2 evolution rate is indicative 
of greater fungal susceptibility, the fact that the CO2 test kit color number curves for the 15% and 
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26% m.c. samples were higher than the other curves indicates that the test was detecting the 
greater fungal susceptibility of these samples. 
The fast green dye test also indicated that the damage level for the corn from plot 1, the 
source of the 15% m.c. samples, was slightly higher than the level for the corn from plot 3, the 
source of the 26% m.c. samples. However, the color number curve for the 15% m.c corn was below 
the curve for the 26% m.c. corn. This is an indicator that, for these two samples, the moisture 
content had a greater influence on the fungal susceptibility than physical damage.  This is in part 
because the DI’s for the two samples were relatively close to each other while the DI for the 
sample from plot 2 was much greater. 
5.2.2 Germination 
Moog et al. (2008) presented evidence that seed respiration contributed to the CO2 evolution 
measured by the test kit and recommended additional research on the effect of this contribution 
on the test kit results.  When the samples were removed from the freezer, germination tests were 
conducted on both the control samples and the samples that were subjected to the storage test.  
The storage test samples were tested after approximately one month of being stored in the 
containers at room temperature. Germination tests on the control samples, which were never 
stored in the containers, were conducted soon after they were removed from the freezer. Also, 
the tests on the control samples were conducted after the storage tests and were actually frozen 
approximately one month longer. The percentages of kernels that germinated in each of the 
samples are given in Figure 5.5. 
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Figure 5.5 Percent germination values for each moisture content. 
From the results shown in Figure 5.5 it is apparent that the overall percent germination 
decreases as the moisture content during storage increases. This is consistent with the findings 
by Kiesselbach and Ratcliff (1920) that were mentioned in section 5.1.1. The publication by 
Kiesselbach and Ratcliff included a table with columns for freezing at 5% intervals of moisture 
content (10% to 15% up to 60% to 65%) and rows for ranges in freezing temperature. For freezing 
in the temperature range of -17.8 oC to -20.6oC (0 to -5oF) and moisture contents of 15 to 20%, 
percent germination after freezing was 63% for both 20 to 25% and for the 25 to 30% moisture 
content range it was 0%. The chances of injury from freezing the corn increase as the moisture 
content of the corn increases, and the freezing temperature decreases. They also presented 
evidence that damage increases as time in storage increases. Although the germination 
percentages shown in Figure 5.5 are higher than those reported by Kiesselbach and Ratcliff, the 
trend of decreasing germination with increasing freezing temperature is the same.  Kiesselbach 
and Ratcliff conducted their study over 90 years ago and the higher percentages of germination 
shown in Figure 5.5 could be explained by differences in variety and efforts of corn breeders to 
improve the cold hardiness of their hybrids. Note also that for all except the 26% sample, the corn 
tested after the room temperature storage test had a slightly lower percent germination than the 
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control samples. The lower germination for the 26% control could be the result of variability in 
the germination test or to the additional month of storage prior to testing, or both.  
 If it is assumed that seed respiration has a significant impact on CO2 evolution during the test, 
then the contribution of seed respiration may be greater for the samples at the lower moisture 
and this may explain why the color number curves for both the 15% and 26% m.c. samples and 
the 18% and 22% moisture samples were closer together. However, there are several additional 
observations that add some uncertainty to this interpretation. First, Fernandez et al. (1985) 
reported that freezing 22% moisture content corn at -10°C gave the best agreement with CO2 
evolution tests on freshly harvested corn. Secondly, the effect of seed moisture content on seed 
respiration is not known. It is possible that seed respiration for corn kernels at 15% moisture is 
less than seed respiration from kernels at 22% or 26% m.c   Richard Stroshine (personal 
communication, 2014) stated that, in tests conducted in or around 2001 with the CO2 test kit they 
found evidence that seed respiration was greater during hours 24 to 48 after rewetting than for 
times longer than 48 hours. They conducted tests on two samples, one with high percent 
germination and one with low percent germination. By mistake, a laboratory technician started 
the CO2 test after 24 hours instead of after 48 hours and the evolution from the sample with high 
germination was much noticeably greater than the CO2 evolution from the sample with low 
germination. However, when the test was repeated 48 hours after re-wetting, the sample with 
low germination had much greater CO2 evolution than the sample with the high germination. 
Furthermore, the evolution from the sample with high germination was slower 48 hours after 
rewetting than it was 24 hours after rewetting. 
The implications of the above observations for this study are twofold.  First, it is quite possible 
that seed respiration can at least help to explain the unexpected results from the 15% m.c. versus 
26% m.c. and the 18% m.c. versus 22% m.c. comparisons.  Second, additional research is needed 
to determine the effect of germination on the CO2 kit tests and to develop methods for taking 
germination into account when interpreting results of the CO2 kit tests.   
5.2.3 Electrolyte Leakage 
As mentioned in section 2.1, electrolyte leakage increases with damage to the corn kernels 
and perhaps also with time in storage and it may also be an indicator of the storability of the corn 
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(Marks and Stroshine, 1998). The electrolyte leakage of each of the samples (differing moisture 
contents) was determined, as was percent germination (section 5.2.2), for both the control 
samples and the samples removed from the containers at the end of the storage tests. The 
electrolyte leakage is measured in terms of the conductivity of the distilled water in which the 
kernels are soaked. The conductivities as a function of soaking time for the samples at the 
different moisture contents is shown in Figure 5.6.  
 
Figure 5.6 Electrolyte leakage of control samples, which were not subjected to the storage test. 
The curves in Figure 5.6 indicate that the conductivities for 18% and 22% m.c. corn samples 
are higher than those for 15% and 26% m.c. samples. The high physical damage values for the 18% 
and 22% samples may have contributed substantially to the conductivity. If the 18% m.c. sample 
is compared to the 22% m.c. sample, the trend agrees with Marks and Stroshine (1998) where the 
higher moisture content samples had lower electrolyte leakage. Similarly the 26% m.c. sample 
had a lower electrolyte leakage than the 15% m.c. sample. Figure 5.7 compares the corn subjected 
to the storage tests to the control samples. For all moisture contents, conductivities of the corn 
subjected to the storage test were higher than those of the corn not subjected to the storage test, 
although with the exception of the 26% m.c. sample, the conductivities were only slightly higher.  
Nevertheless, the results suggest that during the storage period, the kernels may have been 
damaged, presumably by the growth of fungi on the samples.  The higher moisture of the 26% 
m.c. sample, may have promoted fungal growth during storage which in turn caused a much 




























Electrolyte leakage of samples not subjected to container storage test
15% 18% 22% 26%
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of the samples may have caused more damage during storage than occurred in the samples at the 
other moisture contents. These results support observations made on the effects of differences 
in percent germination among the samples and differences in electrolyte leakage among the 
samples. 
 
Figure 5.7 Comparison of electrolyte leakage of corn not subjected to container storage test and 
corn subjected to container storage test. 
5.2.4 Fungal Count and Identification 
Table 5.3 summarizes the fungal counts obtained from the samples after each sampling. The 
testing service also provided information on the genus of fungi found in the samples but not the 
species, because identification of the species takes longer and is more difficult and the cost of 
identifying the species of fungi present would have been substantial.  
 
Not subjected to storage test Subjected to storage test 
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15% (1) 1,000,000 10,000 60% 40% --- --- --- --- 
15% (2) 20,000,000 10,000 70% 30% --- --- --- --- 
15% (3) 2,500,000 130,000 70% 30% --- --- --- --- 
18% (1) 3,400,000 2,200,000 50% 30% --- 10% 10% --- 
18% (2) 2,800,000 10,000,000 40% 50% --- 10% --- --- 
18% (3) 6,300,000 10,000,000 40% 20% 30% --- --- 10% 
22% (1) 1,400,000 5,800,000 60% 40% --- --- --- --- 
22% (2) 1,100,000 30,000,000 40% 30% --- --- --- 30% 
22% (3) 700,000 2,200,000 70% 30% --- --- --- --- 
26% (1) 700,000 200,000 50% 50% --- --- --- --- 
26% (2) 2,000,000 400,000 50% 40% --- --- 10% --- 
26% (3) 1,000,000 200,000 40% 40% 20% --- --- --- 
 
The fungal counts confirmed that fungi were present in all the samples and that there were 
also yeast growing on the samples. The expected result was that samples with higher color 
numbers would also have higher fungal counts. However, this was not the case. Overall, the 18% 
m.c. corn had the highest fungal count of all the samples. However, the 22% m.c. corn had the 
highest color numbers in the CO2 kit tests. There was a very high fungal count in the second sample 
removed from the container with the 15% m.c. corn. However, the color number curve for the 2nd 
sampling was slightly below the curves for both the first and third samplings of the 15% m.c. corn.  
One possible explanation is that the sample sent to the lab for analysis happened to contain one 
or two very moldy kernels and that skewed the results.  
The results provided by Dairyland Laboratory and reported in Table 5.3 included yeast counts 
in addition to the fungal counts. The yeast would also produce CO2 and would therefore influence 
the color number curves.  The yeast counts were higher than the mold counts for the second and 
third samplings of the 18% m.c. corn and for all three samplings of the 22% m.c. corn. It is possible 
that the oxygen levels were low in these containers because they consistently had the highest 
color number curves among the four samples tested.  Dr. Charles Woloshuk in Purdue’s Botany 
and Plant Pathology Department was consulted about this possibility.  He stated (personal 
communication with the author’s advisor) that fungi require oxygen for development and 
reproduction and that yeast can reproduce by budding.  Therefore, the yeast can tolerate lower 
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oxygen levels. During preliminary tests with the 5 gallon buckets, it was discovered that mold 
growth was inhibited by low oxygen levels.  Although the containers were aerated in the storage 
tests reported in this thesis, it is possible that the aeration was not adequate for maintaining 
sufficiently high oxygen levels in the samples that were more prone to fungal growth. This is a 
possible explanation for the high yeast counts in the 18% and 22% samples. As noted in the 
procedures section, a phone call to Dairyland Laboratories revealed that the samples had not be 
surface sterilized before they were plated by the testing lab for genus identification. Surface 
sterilization with bleach eliminates spores from fungi that have not been able to penetrate into 
the interior of the kernel. Therefore, lack of surface sterilization should lead to much higher 
counts. 
In summary, although the fungal count tests provide evidence that the CO2 test kit may be 
measuring growth of micro-organisms in the samples, improvements could be made in the 
procedures used to make the mold count determinations. The test should be repeated to gain a 
better idea of the ranges in the mold counts that can be expected and to determine which fungi 
may have penetrated into the interior of the corn kernel.  
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 
This chapter summarizes the observations and conclusions of the research conducted and 
then provides recommendations for future work associated with measurements of carbon dioxide 
(CO2) evolution and their relationship to predicting risk of spoilage due to fungal growth. The 
research summarized in this thesis was conducted on two sets of samples: a) shelled corn 
previously stored in commercial facilities and b) shelled corn harvested directly from the field with 
no prior storage treatment other than frozen storage prior to use in storage tests. CO2 evolution 
of samples re-wetted to 21.0 ±1.10% moisture content was determined using a CO2 test kit and a 
72-hour incubation test. Measurements were conducted to investigate the test kit’s ability to 
detect differences in CO2 evolution by samples found in market channels along with the influence 
of kernel and sample attributes, storage conditions, and length of storage on CO2 evolution from 
the samples. Previous research (Moog et al. 2008, 2010) provided evidence that CO2 evolution 
measured with the test kit is an indicator of susceptibility of the shelled corn to invasion by storage 
fungi and therefore the risk of mold damage if the corn remains in storage. The differences in 
attributes of the two sets of shelled corn samples allowed the CO2 test kit’s capabilities to be 
evaluated using samples with characteristics that would be found in a substantial portion of the 
commercial samples that would be encountered if the test were being used by the industry. 
6.1 Conclusions and Summary 
This study had an overall objective of investigating the feasibility of utilizing the CO2 test kit in 
postharvest management of shelled corn to reduce the risk of spoilage due to fungal growth 
during subsequent storage in environmental conditions favorable to fungal growth. This overall 
objective was furthered in that the CO2 test kit was able to distinguish differences in CO2 evolution 
among multiple samples subjected to various storage conditions prior to testing. As mentioned in 
section 3.1.1, it was hypothesized, based on results of previous research, that CO2 evolution 
measured by the  CO2 test kit is an  indicator of  fungal susceptibility of  the samples.  The test can
71 
be completed in approximately 3.5 days. The industry would like a test that would require only 
about 15 minutes to complete (Marks et al. 1994). However, the test kit procedure is simple, none 
of the equipment needed for the test is sophisticated or costly, and there are situations where 
the CO2 kit test could be used effectively to better manage stored shelled corn by reducing the 
risk of spoilage. The following are conclusions related to the three specific objectives stated in 
chapter 1:  
1. the CO2 test kit was able to detect differences in CO2 evolution among  samples obtained from 
commercial rail cars being loaded with shelled corn having unknown prior storage history. 
2. the CO2 test kit was able to detect changes in CO2 evolution of shelled corn samples, obtained 
from commercial storage facilities and subsequently stored in the laboratory for 8 to 14 
months at room temperature and moistures between 12 and 15%, that were consistent with 
expectations regarding a decrease in storage life as a result of that storage, and 
3. the CO2 test kit was able to distinguish differences in CO2 evolution among samples of 
harvested, frozen, and subsequently thawed shelled corn that were stored at moisture 
contents of 15%, 18%, 22% and 26% and a temperature of 22 to 24°C for up to one month, 
although differences attributed to fungal growth may have been partially obscured because 
it is believed that seed respiration contributed significantly to the CO2 evolution from the 
samples. 
The experiments associated with objective 1 provided insights into how the test kit could be 
used to quantify CO2 evolution. Based on comparisons of color number versus time curves for the 
test kit measurements, the slope obtained by using linear regression to fit a straight line to the 
color numbers at hours 73, 74, and 75 of incubation after re-wetting, appeared to be the measure 
most sensitive to differences in CO2 evolution among samples.  This means that if multiple 
shipments of shelled corn were to arrive at a grain elevator or a facility where corn was to be 
stored, the test kit could be used to identify whether the shipments had a higher or lower than 
average CO2 evolution rate. This would allow managers to make decisions on utilization of the 
corn on the basis of the likelihood that it would spoil as a result of fungal activity. Those with 
higher CO2 evolution rates, which may also be more susceptible to invasion by storage fungi, could 
be utilized first while the shipments that had a lower CO2 evolution rate, and were possibly less 
susceptible to invasion, could be stored until needed.  
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Several additional observations were made from the experiments associated with objective 
1. First, when regression analysis was used to compare the results obtained from the CO2 kit tests 
to results of the “in situ” tests, the r2 (coefficient of determination) values for the relationships of 
Slope73_75 and the hour 75 color number to the in situ test color number were 0.294 and 0.270, 
respectively.  While this illustrates that the two measures are related, the correlation is not very 
strong which indicates that it may not be feasible to use the “in situ” test to screen samples to 
identify those that should be re-tested using the longer 72+ hour test procedure for a more 
accurate determination.  Regression was also used to compare Slope73_75 and the hour 75 color 
number to several of the grading factors on those same samples. Those grading factors were the 
overall grade, percent DKT (% damaged kernels total), and %BCFM. The r2 values for Slope73_75 
versus these three factors were, respectively 0.263, 0.296, and 0.223.  The r2 values for hour 75 
color number versus these three factors were, respectively, 0.248, 0.251, and 0.199.  The 
correlations were relatively low, indicating that, although a low overall grade (U.S. No. 3 or below), 
higher levels of DKT (4% or above) and higher BCFM (3% or above) were associated with higher 
levels of CO2 evolution, there are other factors that exert a greater influence. Furthermore, an 
examination of the plots (Figure 4.9) revealed that having lower values of these factors did not 
ensure lower levels of CO2 evolution. 
In the experiments associated with objective 2, where eight of the shipments collected from 
elevators were re-tested two additional times after storage at room temperature for 8 to 14 
months, the test kit results indicated that CO2 evolution increased in six of the shipments as a 
result of the longer term storage. For the two remaining shipments where there appeared to be 
no change in CO2 evolution with time, factors that could be responsible were investigated. These 
factors included moisture content at the time the samples were collected for grading, the grading 
factors DKT and BCFM, percent germination, and electrolyte leakage. Although the moisture 
contents of samples from shipment 3 were below 14.8%, samples from shipment 12 were 15.4% 
or above. Similarly, the DKT for the shipment 3 sample was low but the DKT for the shipment 12 
sample was close to the average. BCFM levels for these two shipments were the 2nd and 3rd from 
the lowest values among the 8 shipment samples tested. The shipment 12 sample had the next 
to lowest percent germination and the shipment 3 sample had the next to the highest. The 
electrolyte leakage conductivities for samples from shipments 3 and 12 were the 2nd and 3rd from 
the lowest.  The lower values of DKT, BCFM, and electrolyte leakage indicate that the damage to 
73 
the kernels in these shipment samples was relatively low. However, none of the factors or groups 
of factors emerged as the clear explanation of why the CO2 evolution from samples from these 
two shipments did not increase with time in storage for these samples as it did for the others.  In 
general, the results are consistent with the hypothesis that the CO2 test kit can detect differences 
in CO2 evolution among samples. If CO2 evolution rate is an indicator of fungal susceptibility, then 
periodic monitoring of the CO2 evolution from samples taken from stored shelled corn would 
allow stored corn with a greater likelihood of spoilage to be utilized before its quality deteriorates 
to unacceptable levels.  
Finally, the experiments associated with objective 3 showed that the test kit could detect 
changes in CO2 evolution from samples of shelled corn that were frozen at -20°C within 3 to 12 
days of harvest and subsequently thawed.  Their moistures were determined and found to be 15%, 
18%, 22%, and 26%. The harvesting method and handling history of these samples were known 
and levels of kernel damage were determined and used to help interpret the results. The test kit 
was able to detect differences in CO2 evolution that could be explained by differences in storage 
moisture content, damage to the kernels, and the length of time that the corn was stored at its 
post freezing moisture content. If the effect of high damage level or low percent germination is 
taken into account, it was observed that CO2 evolution from the corn samples increased with an 
increase in the storage moisture content. The tests also demonstrated that the interaction 
between storage time and moisture content influences the change in CO2 evolution from the 
sample (Data D535, ASAE, 2005). It has long been known that for a constant storage temperature, 
dry matter loss from fungal growth increases more rapidly in samples that are stored at higher 
moisture contents (approximately 20% or above). The tests on these samples indicated that the 
CO2 test kit could detect a corresponding increase in CO2 evolution associated with the increased 
fungal activity in the sample. Another important observation from these tests is that seed 
respiration can have a significant effect on the CO2 evolution from the samples. This seed 
respiration makes it more difficult to detect differences among samples and therefore the percent 
germination should be taken into account when interpreting the results. 
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6.2 Recommendations 
Based on the experience gained from conducting this research, several recommendations can 
be made for future work involving CO2 evolution measurements with the CO2 tests kit:  
(i) Relatively small samples were available for testing, particularly for the shelled corn from 
commercial sources. The sample size was limited by the size of samples that TGI was able 
to provide to Purdue University because the sample provided was the sample used for 
determining the official grade of the corn. It would be better to obtain larger samples.  If 
this is not feasible, then an alternative would be to combine two or more samples from 
the same shipment to obtain a larger sample for testing. 
(ii) If corn at elevated moistures is stored, it should be monitored regularly to ensure that the 
oxygen levels remain high enough to support fungal growth. In addition, an aeration 
device should be built to ensure the samples can be aerated periodically without drying 
of the samples. The aeration should be thorough so that all portions of the sample receive 
aeration. 
(iii) Germination tests done for both commercial and frozen corn showed that there is 
potential for seed respiration of the germ to affect the CO2 evolution values determined 
using the CO2 test kit. Additional studies are needed that will quantify the contribution of 
seed respiration to the overall CO2 evolution from the sample. These should be used to 
develop a method of adjusting the results for the effects of seed respiration thereby giving 
a more accurate measurement of the CO2 produced by the fungi growing on the sample.  
(iv) A procedure for adjusting the results for fluctuations from the standard moisture content 
of 21% and the temperature should be developed. Methods of compensating for other 
factors that affect the level of CO2 production such as physical damage to the kernels, 
sample size and container volume would also be useful.  One approach would be to 
develop a “model” of the CO2 kit test system, based at least in part on the equations in 
ASAE D535 (ASAE, 2005). The model would predict CO2 evolution from the sample. Factors 
that could be included in the model are container volume, sample size, headspace shape 
and configuration, relative humidity inside the jar, seed viability and the release of CO2 
from germ respiration (see recommendation v below), and aeration of the jars to prevent 
buildup of CO2. 
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(v) If samples are sent to a laboratory for analysis of fungi (e.g. Dairyland Laboratories, the 
laboratory used in this study), it should first be established whether the laboratory surface 
sterilizes the samples before plating. If surface sterilization is not included in their 
protocol, then the samples should be sterilized before they are sent to the laboratory for 
testing. 
(vi) A more in-depth study of the fungal growth in the jars should be included whenever 
possible in future research on the CO2 test kit.  This would involve analyses to determine 
whether there is a relationship between the number of colony forming units (CFU’s) and 
the color number or percent CO2 in the jar at the end of the test. The results would help 
to establish whether the CO2 test kit’s measurement of CO2 evolution is an indication of 
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Appendix A CO2 Test Kit and Incubation Test Components 
  
Figure A.1 Digital Color Reader (DCR) used to read paddles along with one of the paddles 
removed from the foil package in which they are kept moist until it is time to use them. 
 
 
Figure A.2 Paddles showing change in color from color number near “0”, dark blue (upper left), 
indicating very low or no CO2 present to color number near “5”, dark yellow (lower right), 








Figure A.3 Jar containing corn and a color paddle held next to the color card used to visually 
determine color number of the sample. 
 
 
Figure A.4 Components of the 72 hour incubation test set up. Upper left corner DCR, jar with 
regular lid and lid with a slot cut to accommodate the insertion of the paddle into the jar. Upper 
right corner, 4 pictures showing counterclockwise from upper left picture in the block of 4: Jar 
with slotted lid in place and sample of corn inside the jar; Paddle with thin copper wire attached 
to facilitate suspension of the paddle in the jar and removal of the paddle from the jar; lower 
right - DCR next to jar with paddle inserted and slot sealed with tape; lower left – paddle being 
inserted into the slot in the jar lid. Lower picture (across the bottom) – Digital indoor outdoor 
thermometer showing temperature in the room where jars are located with jars from one of the 
tests showing slight variations in the colors of the paddles – some are yellow and others darker, 




Appendix B Data for Test Measurements using Commercial Shelled Corn from TGI 
Table B.1 Color number values for hours 72 through 78 after re-wetting for tests on samples 
from train shipments of commercial corn.  Samples were collected by TGI and tested using the 






Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
1 46 1 0.26 0.71 1.2 2.05 2.66 3.11 3.52 
  2 0.22 0.67 1.11 1.97 2.46 3.07 3.56 
 48 1 0.22 0.75 1.36 2.38 3.27 3.92 4.21 
  2 0.26 0.91 1.44 2.54 3.56 3.84 4.17 
 58 1 0.26 0.79 1.36 2.66 3.60 4.41 4.25 
  2 0.30 0.91 1.54 2.40 3.64 4.25 4.09 
2 27 1 0.46 0.95 1.44 2.17 2.87 3.35 3.72 
  2 0.30 0.67 1.24 1.85 2.50 2.95 3.31 
 29 1 0.22 0.58 0.99 1.60 2.13 2.66 3.03 
  2 0.26 0.67 1.11 1.81 2.38 2.95 3.27 
 37 1 0.34 0.91 1.44 1.97 2.46 2.99 3.39 
  2 0.30 0.83 1.32 2.17 2.70 3.19 3.60 
 44 1 0.26 0.67 1.16 1.73 2.30 2.78 3.19 
  2 0.26 0.79 1.32 1.89 2.42 3.44 3.23 
 49 1 0.38 0.79 1.20 1.81 2.30 2.74 3.07 
  2 0.18 0.58 0.95 1.64 1.93 2.38 2.70 
 50 1 0.26 0.71 1.36 2.09 2.74 3.28 3.44 
  2 0.34 0.83 1.44 2.13 2.87 3.39 3.84 
 51 1 0.34 0.67 1.20 1.93 2.46 2.95 3.19 
  2 0.14 0.99 1.40 2.17 2.70 3.07 3.35 
 61 1 0.30 0.67 1.32 1.93 2.62 3.11 3.52 
  2 0.22 0.54 1.03 1.77 2.34 2.87 3.27 
3 2 1 0.14 0.46 1.11 2.05 2.78 3.31 3.56 
  2 0.30 0.63 1.32 2.21 2.99 3.52 3.76 
 8 1 0.54 0.46 1.16 2.21 3.03 3.64 3.88 
  2 0.22 0.58 1.36 2.34 3.15 3.68 3.96 
 13 1 0.22 0.67 1.64 2.78 3.64 4.05 4.25 
  2 0.18 0.63 1.56 2.74 3.56 4.01 4.17 
 19 1 0.22 0.79 2.01 3.31 4.09 4.37 4.49 
  2 0.30 0.91 2.21 3.52 4.21 4.45 4.49 
 21 1 0.26 0.83 1.77 2.99 3.92 4.21 4.49 











Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
3 25 1 0.22 0.71 1.56 2.78 3.84 4.05 4.17 
  2 0.26 0.75 1.68 2.99 4.05 4.13 4.25 
4 8 1 0.34 0.58 1.36 2.54 3.56 4.09 4.25 
  2 0.38 0.46 1.20 2.34 3.35 3.88 4.09 
 17 1 0.18 0.42 1.11 2.09 3.07 4.29 3.96 
  2 0.26 0.50 1.16 2.34 3.23 3.84 4.17 
 18 1 0.14 0.58 1.40 2.58 3.52 4.05 4.13 
  2 0.18 0.67 1.32 2.46 3.56 3.92 4.17 
 22 1 0.22 0.50 1.24 2.30 3.23 3.80 4.21 
  2 0.22 0.58 1.32 2.46 3.35 3.88 4.45 
5 6 1 0.18 0.63 1.36 2.50 3.35 3.76 4.01 
  2 0.26 0.99 2.34 3.76 4.37 4.49 4.54 
 8 1 0.18 0.63 1.36 2.42 3.27 3.68 3.96 
  2 0.18 0.67 1.32 2.34 3.19 3.60 3.88 
 11 1 0.18 0.63 1.20 2.05 2.78 3.19 3.48 
  2 0.18 0.75 1.44 2.50 3.39 3.76 4.09 
 17 1 0.26 0.83 1.81 2.78 3.68 4.01 4.29 
  2 0.22 0.87 1.44 2.42 3.31 3.76 3.96 
6 5 1 0.50 0.83 1.32 2.01 2.58 2.95 3.31 
  2 0.54 0.83 1.28 1.97 2.50 2.87 3.23 
 16 1 0.22 0.50 0.95 1.64 2.30 2.70 3.19 
  2 0.30 0.50 0.91 1.44 1.89 2.21 2.62 
 24 1 0.18 0.42 0.79 1.32 1.89 2.25 2.70 
  2 0.22 0.58 1.11 1.89 2.54 2.95 3.31 
7 8 1 0.22 0.79 1.85 3.19 3.84 4.05 4.17 
  2 0.30 0.75 1.52 2.62 3.39 3.76 4.05 
 19 1 0.26 0.71 1.48 2.58 3.35 3.76 4.05 
  2 0.14 0.46 0.99 1.89 2.62 3.07 3.48 
 25 1 0.22 0.75 1.60 2.82 3.56 3.92 4.17 
  2 0.26 0.71 1.56 2.58 3.35 3.76 4.05 
8 1 1 0.18 0.67 1.48 2.74 3.52 3.84 4.01 
  2 0.22 0.67 1.44 2.54 3.31 3.68 3.96 
 23 1 0.50 0.99 1.81 2.91 3.56 3.88 4.05 
  2 0.22 0.67 1.32 2.30 2.99 3.44 3.84 
 25 1 0.14 0.58 1.40 2.38 3.39 4.01 4.29 











Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
9 16 1 0.18 0.75 2.13 3.31 4.13 4.41 4.45 
  2 0.18 0.58 1.60 2.74 3.72 4.17 4.33 
 25 1 0.18 0.63 1.60 2.58 3.44 3.96 4.21 
  2 0.18 0.50 1.40 2.30 3.23 3.84 4.13 
 26 1 0.14 0.58 1.52 2.62 3.52 3.92 4.13 
  2 0.18 0.71 1.85 2.91 3.80 4.17 4.37 
10 15 1 0.18 0.46 0.87 1.48 2.13 2.74 3.23 
  2 0.18 0.63 1.20 1.93 2.66 3.31 3.68 
 18 1 0.22 0.58 1.16 1.89 2.50 3.07 3.52 
  2 0.18 0.58 1.20 1.93 2.62 3.23 3.56 
 21 1 0.18 0.46 0.91 1.44 2.01 2.54 2.95 
  2 0.22 0.54 1.03 1.60 2.21 2.78 3.19 
11 7 1 0.18 0.83 1.40 2.09 2.95 3.35 3.48 
  2 0.22 0.71 1.32 2.13 3.03 3.48 3.56 
 26 1 0.10 0.63 1.11 1.77 2.62 3.11 3.27 
  2 0.10 0.54 1.07 1.81 2.78 3.31 3.44 
 36 1 0.10 0.71 1.40 2.30 3.35 3.80 3.92 
  2 0.10 0.67 1.32 2.21 3.31 3.80 3.92 
 51 1 0.06 0.58 1.11 2.05 2.87 3.35 3.52 
  2 0.10 0.50 1.03 1.68 2.53 3.07 3.19 
12 6 1 0.06 0.79 1.64 2.70 3.76 4.13 4.21 
  2 0.10 0.79 1.68 2.74 3.88 4.25 4.29 
 14 1 0.10 0.91 1.85 2.95 3.88 4.17 4.25 
  2 0.14 0.79 1.68 2.74 3.76 4.05 4.13 
13 3 1 0.14 0.54 1.07 1.85 2.70 3.27 3.44 
  2 0.14 0.75 1.16 1.68 2.54 3.11 3.52 
 28 1 0.06 0.42 0.75 1.24 1.89 2.66 2.42 
  2 0.10 0.46 0.91 1.52 2.30 2.74 2.91 
14 1 1 0.34 0.63 1.20 1.97 2.95 3.48 3.72 
  2 0.18 0.38 0.83 1.56 2.46 2.99 3.35 
 2 1 0.18 0.46 1.11 2.13 3.23 3.76 4.01 













Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
15 2 1 0.10 0.67 2.42 3.96 4.41 4.45 4.49 
  2 0.10 0.63 2.21 3.72 4.25 4.33 4.41 
 4 1 0.06 0.42 1.36 2.74 3.84 4.13 4.29 
  2 0.10 0.38 1.24 2.46 3.52 3.92 4.09 
 12 1 0.10 0.54 1.81 3.44 4.17 4.33 4.37 
  2 0.06 0.58 2.01 3.60 4.29 4.37 4.45 
 19 1 0.10 0.42 1.44 2.82 3.80 4.09 4.21 
  2 0.06 0.50 1.81 3.35 4.17 4.37 4.41 
 25 1 0.14 0.50 1.52 2.95 3.92 4.13 4.25 
  2 0.01 0.42 1.44 2.91 3.92 4.17 4.29 
16 1 1 0.34 0.67 1.48 2.70 3.76 4.09 4.25 
  2 0.18 0.50 1.36 2.62 3.68 4.05 4.17 
 5 1 0.18 0.54 1.52 2.87 3.88 4.17 4.29 
  2 0.14 0.54 1.48 2.87 3.80 4.01 4.13 
 9 1 0.06 0.63 2.09 3.68 4.37 4.58 4.58 
  2 0.10 0.58 1.85 3.39 4.17 4.33 4.37 
 16 1 0.10 0.58 1.85 3.39 4.17 4.29 4.37 
  2 0.10 0.63 2.01 3.56 4.25 4.37 4.45 
17 20 1 0.10 0.46 1.68 3.23 4.09 4.29 4.37 
  2 0.10 0.58 1.93 3.44 4.09 4.21 4.21 
 37 1 0.10 0.46 1.52 2.99 3.92 4.17 4.21 
  2 0.10 0.46 1.56 3.03 3.96 4.17 4.25 
 45 1 0.10 0.54 1.85 3.48 4.21 4.33 4.41 
  2 0.10 0.50 1.77 3.35 4.21 4.33 4.41 
 49 1 0.14 0.71 2.25 3.44 4.13 4.29 4.37 
  2 0.14 0.67 2.05 3.23 4.05 4.25 4.33 
18 3 1 0.18 0.38 0.91 1.81 2.91 3.44 3.76 
  2 0.14 0.38 0.91 1.68 2.70 3.31 3.64 
 4 1 0.14 0.63 1.85 3.39 4.21 4.37 4.41 
  2 0.14 0.67 1.93 3.56 4.33 4.45 4.49 
19 1 1 0.10 0.50 1.36 2.46 3.39 3.8 4.05 
  2 0.10 0.54 1.56 2.78 3.64 4.01 4.13 
20 28 1 0.06 0.42 0.95 1.77 2.62 3.23 3.60 
  2 0.06 0.38 0.99 1.89 2.78 3.44 3.80 
 60 1 0.06 0.34 0.91 1.77 2.62 3.35 3.76 











Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
21 6 1 0.06 0.50 1.32 2.42 3.35 3.88 4.09 
  2 0.06 0.42 1.07 2.01 2.95 3.52 3.88 
22 2 1 0.14 0.67 1.89 3.23 3.96 4.17 4.25 
  2 0.10 0.50 1.68 3.03 3.84 4.13 4.29 
23 2 1 0.06 0.34 0.87 1.48 2.25 2.87 3.31 
  2 0.18 0.42 0.99 1.68 2.46 3.03 3.48 
 24 1 0.14 0.42 0.99 1.73 2.54 3.15 3.60 
  2 0.18 0.46 0.91 1.60 2.30 2.87 3.27 
24 1 1 0.18 0.30 0.63 1.16 1.81 2.50 3.03 
  2 0.14 0.30 0.71 1.40 2.21 2.95 3.48 
 3 1 0.18 0.34 0.87 1.68 2.62 3.35 3.72 
  2 0.14 0.30 0.79 1.48 2.3 3.03 3.48 
 9 1 0.14 0.30 0.79 1.52 2.42 3.19 3.64 
  2 0.14 0.34 0.99 1.93 2.95 3.64 4.01 
 16 1 0.10 0.30 0.91 1.81 2.78 3.52 3.92 
  2 0.14 0.30 0.79 1.52 2.42 3.15 3.64 
 30 1 0.14 0.30 0.79 1.52 2.38 3.07 3.52 
  2 0.18 0.34 0.83 1.56 2.42 3.15 3.64 
 43 1 0.14 0.34 0.91 1.64 2.58 3.31 3.72 
  2 0.14 0.34 0.83 1.64 2.42 3.11 3.60 
 44 1 0.10 0.26 0.83 1.64 2.54 3.35 3.72 
  2 0.14 0.30 0.87 1.73 2.62 3.35 3.72 
 60 1 0.14 0.30 0.79 1.48 2.21 2.87 3.31 
  2 0.18 0.34 0.95 1.77 2.62 3.27 3.68 
25 1 1 0.14 0.34 0.91 1.64 2.62 3.31 3.68 
  2 0.14 0.42 1.24 2.25 3.35 3.88 4.09 
 2 1 0.22 0.50 1.81 3.35 4.01 4.17 4.25 
  2 0.18 0.46 1.64 3.19 4.05 4.25 4.37 
 3 1 0.14 0.50 1.85 3.44 4.17 4.29 4.33 
  2 0.10 0.50 1.89 3.56 4.17 4.33 4.41 
 4 1 0.14 0.46 1.81 3.52 4.17 4.37 4.41 
  2 0.14 0.50 1.81 3.44 4.13 4.33 4.37 
 5 1 0.30 0.67 2.01 3.52 4.01 4.17 4.25 
  2 0.14 0.46 1.68 3.31 4.13 4.33 4.37 
 6 1 0.22 0.63 2.13 3.72 4.29 4.41 4.41 











Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
25 7 1 0.14 0.5 1.73 3.23 3.92 4.13 4.29 
  2 0.10 0.54 1.97 3.6 4.17 4.33 4.33 
 8 1 0.22 0.63 2.09 3.64 4.17 4.29 4.33 
  2 0.18 0.63 2.13 3.68 4.09 4.37 4.25 
 9 1 0.26 0.63 2.05 3.64 4.21 4.33 4.41 
  2 0.14 0.50 1.97 3.64 4.25 4.37 4.45 
26 101 1 0.14 0.58 1.81 3.15 3.96 4.29 4.37 
  2 0.18 0.54 1.68 2.91 3.84 4.21 4.25 
 102 1 0.14 0.67 2.17 3.60 4.25 4.37 4.45 
  2 0.26 0.67 2.09 3.44 4.21 4.37 4.45 
 103 1 0.26 0.67 1.85 3.11 4.01 4.29 4.41 
  2 0.22 0.58 1.97 3.44 4.17 4.37 4.41 
 104 1 0.18 0.54 1.85 3.23 4.17 4.37 4.41 
  2 0.22 0.67 2.13 3.52 4.25 4.37 4.45 
 105 1 0.18 0.54 1.89 3.31 4.17 4.41 4.49 
  2 0.18 0.67 2.13 3.52 4.25 4.41 4.45 
 106 1 0.18 0.67 2.25 3.60 4.21 4.37 4.45 
  2 0.38 0.87 2.38 3.68 4.29 4.45 4.49 
 107 1 0.18 0.54 1.85 3.19 4.05 4.25 4.33 
  2 0.18 0.54 1.85 3.15 4.01 4.29 4.37 
27 1 1 0.14 0.63 1.93 3.48 4.29 4.41 4.49 
  2 0.10 0.58 1.81 3.39 4.25 4.45 4.54 
 2 1 0.10 0.58 1.85 3.48 4.33 4.54 4.58 
  2 0.10 0.63 1.68 3.31 4.29 4.41 4.49 
 3 1 0.10 0.58 1.68 3.15 4.09 4.33 4.37 
  2 0.14 0.58 1.68 3.19 4.09 4.29 4.33 
 4 1 0.10 0.54 1.73 3.27 4.17 4.33 4.41 
  2 0.06 0.54 1.77 3.39 4.25 4.37 4.45 
 5 1 0.14 0.63 1.77 3.23 4.13 4.25 4.33 
  2 0.18 0.67 1.81 3.15 3.96 4.13 4.17 
 6 1 0.10 0.54 1.68 3.19 4.09 4.29 4.33 
  2 0.10 0.58 1.93 3.52 4.25 4.37 4.45 
 7 1 0.10 0.79 2.13 3.80 4.37 4.45 4.54 
  2 0.10 0.79 2.3 3.96 4.45 4.54 4.58 
 8 1 0.14 0.67 1.77 3.35 4.13 4.33 4.41 











Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
28 1 1 0.14 0.91 2.54 3.64 4.17 4.33 4.37 
  2 0.14 0.79 2.42 3.6 4.21 4.33 4.41 
 2 1 0.14 0.71 2.38 3.68 4.25 4.45 4.49 
  2 0.10 0.79 2.50 3.76 4.29 4.41 4.45 
 3 1 0.10 0.79 2.54 3.64 4.17 4.29 4.37 
  2 0.14 0.79 2.50 3.72 4.29 4.37 4.41 
 4 1 0.10 0.63 2.17 3.44 4.09 4.29 4.33 
  2 0.10 0.67 2.13 3.31 4.05 4.25 4.33 
 5 1 0.14 0.71 2.30 3.44 4.01 4.25 4.33 
  2 0.10 0.63 2.01 3.19 3.96 4.21 4.33 
 6 1 0.10 0.67 2.05 3.15 3.92 4.21 4.33 
  2 0.14 0.63 2.13 3.39 4.09 4.33 4.41 
 7 1 0.10 0.75 2.46 3.64 4.25 4.37 4.45 
  2 0.10 0.67 2.25 3.48 4.13 4.29 4.37 
29 1 1 0.10 1.03 2.58 3.92 4.33 4.37 4.41 
  2 0.10 1.07 2.66 4.01 4.37 4.41 4.49 
 2 1 0.10 0.83 2.17 3.68 4.21 4.33 4.41 
  2 0.10 0.99 2.46 3.96 4.41 4.54 4.58 
 3 1 0.10 0.95 2.50 4.05 4.45 4.54 4.58 
  2 0.06 0.87 2.30 3.8 4.29 4.33 4.41 
 4 1 0.14 0.95 2.42 3.96 4.37 4.45 4.49 
  2 0.10 0.87 2.21 3.72 4.29 4.37 4.45 
 5 1 0.14 0.71 1.81 3.31 4.01 4.13 4.25 
  2 0.06 0.67 1.85 3.44 4.17 4.33 4.41 
 6 1 0.22 1.07 2.82 4.01 4.29 4.33 4.37 
  2 0.18 0.91 2.66 4.09 4.45 4.45 4.54 
 7 1 0.18 0.87 2.46 3.88 4.45 4.41 4.45 
  2 0.06 0.63 2.25 3.68 3.84 4.01 4.05 
 9 1 0.18 0.75 2.30 3.80 4.29 4.45 4.54 








Table B.2 Values of percent CO2 for hours 72 through 78 after re-wetting for tests on samples 
from train shipments of commercial corn. Samples were collected by TGI and tested using the 






Percent CO2 for measurement taken at indicated hour 
72 73 74 75 76 77 78 
1 46 1 0.04 0.07 0.11 0.24 0.43 0.65 0.95 
  2 0.04 0.07 0.1 0.23 0.35 0.63 0.98 
 48 1 0.04 0.07 0.12 0.33 0.76 1.37 1.79 
  2 0.04 0.08 0.13 0.38 0.98 1.27 1.71 
 58 1 0.04 0.07 0.12 0.43 1.02 2.15 1.86 
  2 0.04 0.08 0.14 0.35 1.06 1.86 1.60 
2 27 1 0.05 0.08 0.13 0.27 0.52 0.82 1.14 
  2 0.04 0.07 0.11 0.20 0.37 0.56 0.79 
 29 1 0.04 0.06 0.09 0.16 0.26 0.43 0.61 
  2 0.04 0.07 0.10 0.19 0.33 0.56 0.76 
 37 1 0.05 0.08 0.13 0.23 0.35 0.59 0.85 
  2 0.04 0.08 0.12 0.27 0.45 0.70 1.02 
 44 1 0.04 0.07 0.10 0.18 0.30 0.48 0.70 
  2 0.04 0.07 0.12 0.21 0.34 0.88 0.73 
 49 1 0.05 0.07 0.11 0.19 0.30 0.46 0.63 
  2 0.04 0.06 0.08 0.16 0.22 0.33 0.45 
 50 1 0.04 0.07 0.12 0.25 0.46 0.73 0.88 
  2 0.05 0.08 0.13 0.26 0.52 0.85 1.27 
 51 1 0.05 0.07 0.11 0.22 0.35 0.56 0.70 
  2 0.04 0.09 0.13 0.27 0.45 0.63 0.82 
 61 1 0.04 0.07 0.12 0.22 0.41 0.65 0.95 
  2 0.04 0.06 0.09 0.19 0.32 0.52 0.76 
3 2 1 0.04 0.05 0.10 0.24 0.48 0.79 0.98 
  2 0.04 0.06 0.12 0.28 0.59 0.95 1.18 
 8 1 0.06 0.05 0.10 0.28 0.61 1.06 1.32 
  2 0.04 0.06 0.12 0.32 0.68 1.10 1.43 
 13 1 0.04 0.07 0.16 0.48 1.06 1.55 1.86 
  2 0.04 0.06 0.15 0.46 0.98 1.49 1.71 
 19 1 0.04 0.07 0.23 0.79 1.60 2.08 2.30 
  2 0.04 0.08 0.28 0.95 1.79 2.22 2.30 
 21 1 0.04 0.08 0.19 0.59 1.37 1.79 2.30 
  2 0.04 0.07 0.20 0.79 1.71 1.93 2.08 
 25 1 0.04 0.07 0.15 0.48 1.27 1.55 1.71 











Percent CO2 for measurement taken at indicated hour 
72 73 74 75 76 77 78 
4 8 1 0.05 0.06 0.12 0.38 0.98 1.60 1.86 
  2 0.05 0.05 0.11 0.32 0.82 1.32 1.60 
 17 1 0.04 0.05 0.10 0.25 0.63 1.93 1.43 
  2 0.04 0.06 0.10 0.32 0.73 1.27 1.71 
 18 1 0.04 0.06 0.13 0.39 0.95 1.55 1.65 
  2 0.04 0.07 0.12 0.35 0.98 1.37 1.71 
 22 1 0.04 0.06 0.11 0.30 0.73 1.22 1.79 
  2 0.04 0.06 0.12 0.35 0.82 1.32 2.22 
5 6 1 0.04 0.06 0.12 0.37 0.82 1.18 1.49 
  2 0.04 0.09 0.32 1.18 2.08 2.30 2.42 
 8 1 0.04 0.06 0.12 0.34 0.76 1.10 1.43 
  2 0.04 0.07 0.12 0.32 0.70 1.02 1.32 
 11 1 0.04 0.06 0.11 0.24 0.48 0.70 0.91 
  2 0.04 0.07 0.13 0.37 0.85 1.18 1.60 
 17 1 0.04 0.08 0.19 0.48 1.10 1.49 1.93 
  2 0.04 0.08 0.13 0.34 0.79 1.18 1.43 
6 5 1 0.06 0.08 0.12 0.23 0.39 0.56 0.79 
  2 0.06 0.08 0.12 0.23 0.37 0.52 0.73 
 16 1 0.04 0.06 0.08 0.16 0.30 0.45 0.70 
  2 0.04 0.06 0.08 0.13 0.21 0.28 0.41 
 24 1 0.04 0.05 0.07 0.12 0.21 0.29 0.45 
  2 0.04 0.06 0.10 0.21 0.38 0.56 0.79 
7 8 1 0.04 0.07 0.20 0.70 1.27 1.55 1.71 
  2 0.04 0.07 0.14 0.41 0.85 1.18 1.55 
 19 1 0.04 0.07 0.14 0.39 0.82 1.18 1.55 
  2 0.04 0.05 0.09 0.21 0.41 0.63 0.91 
 25 1 0.04 0.07 0.16 0.50 0.98 1.37 1.71 
  2 0.04 0.07 0.15 0.39 0.82 1.18 1.55 
8 1 1 0.04 0.07 0.14 0.46 0.95 1.27 1.49 
  2 0.04 0.07 0.13 0.38 0.79 1.10 1.43 
 23 1 0.06 0.09 0.19 0.54 0.98 1.32 1.55 
  2 0.04 0.07 0.12 0.30 0.59 0.88 1.27 
 25 1 0.04 0.06 0.13 0.33 0.85 1.49 1.93 












Percent CO2 for measurement taken at indicated hour 
72 73 74 75 76 77 78 
9 16 1 0.04 0.07 0.26 0.79 1.65 2.15 2.22 
  2 0.04 0.06 0.16 0.46 1.14 1.71 2.00 
 25 1 0.04 0.06 0.16 0.39 0.88 1.43 1.79 
  2 0.04 0.06 0.13 0.30 0.73 1.27 1.65 
 26 1 0.04 0.06 0.14 0.41 0.95 1.37 1.65 
  2 0.04 0.07 0.2 0.54 1.22 1.71 2.08 
10 15 1 0.04 0.05 0.08 0.14 0.26 0.46 0.73 
  2 0.04 0.06 0.11 0.22 0.43 0.79 1.10 
 18 1 0.04 0.06 0.10 0.21 0.37 0.63 0.95 
  2 0.04 0.06 0.11 0.22 0.41 0.73 0.98 
 21 1 0.04 0.05 0.08 0.13 0.23 0.38 0.56 
  2 0.04 0.06 0.09 0.16 0.28 0.48 0.70 
11 7 1 0.04 0.08 0.13 0.25 0.56 0.82 0.91 
  2 0.04 0.07 0.12 0.26 0.61 0.91 0.98 
 26 1 0.04 0.06 0.10 0.19 0.41 0.65 0.76 
  2 0.04 0.06 0.10 0.19 0.48 0.79 0.88 
 36 1 0.04 0.07 0.13 0.30 0.82 1.22 1.37 
  2 0.04 0.07 0.12 0.28 0.79 1.22 1.37 
 51 1 0.04 0.06 0.10 0.24 0.52 0.82 0.95 
  2 0.04 0.06 0.09 0.17 0.39 0.63 0.70 
12 6 1 0.04 0.07 0.16 0.45 1.18 1.65 1.79 
  2 0.04 0.07 0.17 0.46 1.32 1.86 1.93 
 14 1 0.04 0.08 0.20 0.56 1.32 1.71 1.86 
  2 0.04 0.07 0.17 0.46 1.18 1.55 1.65 
13 3 1 0.04 0.06 0.10 0.20 0.45 0.76 0.88 
  2 0.04 0.07 0.10 0.17 0.38 0.65 0.95 
 28 1 0.04 0.05 0.07 0.11 0.21 0.43 0.34 
  2 0.04 0.05 0.08 0.14 0.30 0.46 0.54 
14 1 1 0.05 0.06 0.11 0.23 0.56 0.91 1.14 
  2 0.04 0.05 0.08 0.15 0.35 0.59 0.82 
 2 1 0.04 0.05 0.10 0.26 0.73 1.18 1.49 













Percent CO2 for measurement taken at indicated hour 
72 73 74 75 76 77 78 
15 2 1 0.04 0.07 0.34 1.43 2.15 2.22 2.30 
  2 0.04 0.06 0.28 1.14 1.86 2.00 2.15 
 4 1 0.04 0.05 0.12 0.46 1.27 1.65 1.93 
  2 0.04 0.05 0.11 0.35 0.95 1.37 1.60 
 12 1 0.04 0.06 0.19 0.88 1.71 2.00 2.08 
  2 0.04 0.06 0.23 1.02 1.93 2.08 2.22 
 19 1 0.04 0.05 0.13 0.50 1.22 1.60 1.79 
  2 0.04 0.06 0.19 0.82 1.71 2.08 2.15 
 25 1 0.04 0.06 0.14 0.56 1.37 1.65 1.86 
  2 0.04 0.05 0.13 0.54 1.37 1.71 1.93 
16 1 1 0.05 0.07 0.14 0.45 1.18 1.60 1.86 
  2 0.04 0.06 0.12 0.41 1.10 1.55 1.71 
 5 1 0.04 0.06 0.14 0.52 1.32 1.71 1.93 
  2 0.04 0.06 0.14 0.52 1.22 1.49 1.65 
 9 1 0.04 0.06 0.25 1.10 2.08 2.52 2.52 
  2 0.04 0.06 0.20 0.85 1.71 2.00 2.08 
 16 1 0.04 0.06 0.20 0.85 1.71 1.93 2.08 
  2 0.04 0.06 0.23 0.98 1.86 2.08 2.22 
17 20 1 0.04 0.05 0.17 0.73 1.6 1.93 2.08 
  2 0.04 0.06 0.22 0.88 1.6 1.79 1.79 
 37 1 0.04 0.05 0.14 0.59 1.37 1.71 1.79 
  2 0.04 0.05 0.15 0.61 1.43 1.71 1.86 
 45 1 0.04 0.06 0.20 0.91 1.79 2.00 2.15 
  2 0.04 0.06 0.19 0.82 1.79 2.00 2.15 
 49 1 0.04 0.07 0.29 0.88 1.65 1.93 2.08 
  2 0.04 0.07 0.24 0.73 1.55 1.86 2.00 
18 3 1 0.04 0.05 0.08 0.19 0.54 0.88 1.18 
  2 0.04 0.05 0.08 0.17 0.45 0.79 1.06 
 4 1 0.04 0.06 0.20 0.85 1.79 2.08 2.15 
  2 0.04 0.07 0.22 0.98 2.00 2.22 2.3 
19 1 1 0.04 0.06 0.12 0.35 0.85 1.22 1.55 
  2 0.04 0.06 0.15 0.48 1.06 1.49 1.65 
20 28 1 0.04 0.05 0.08 0.19 0.41 0.73 1.02 
  2 0.04 0.05 0.09 0.21 0.48 0.88 1.22 
 60 1 0.04 0.05 0.08 0.19 0.41 0.82 1.18 











Percent CO2 for measurement taken at indicated hour 
72 73 74 75 76 77 78 
21 6 1 0.04 0.06 0.12 0.34 0.82 1.32 1.6 
  2 0.04 0.05 0.10 0.23 0.56 0.95 1.32 
22 2 1 0.04 0.07 0.21 0.73 1.43 1.71 1.86 
  2 0.04 0.06 0.17 0.61 1.27 1.65 1.93 
23 2 1 0.04 0.05 0.08 0.14 0.29 0.52 0.79 
  2 0.04 0.05 0.09 0.17 0.35 0.61 0.91 
 24 1 0.04 0.05 0.09 0.18 0.38 0.68 1.02 
  2 0.04 0.05 0.08 0.16 0.3 0.52 0.76 
24 1 1 0.04 0.04 0.06 0.1 0.19 0.37 0.61 
  2 0.04 0.04 0.07 0.13 0.28 0.56 0.91 
 3 1 0.04 0.05 0.08 0.17 0.41 0.82 1.14 
  2 0.04 0.04 0.07 0.14 0.3 0.61 0.91 
 9 1 0.04 0.04 0.07 0.14 0.34 0.70 1.06 
  2 0.04 0.05 0.09 0.22 0.56 1.06 1.49 
 16 1 0.04 0.04 0.08 0.19 0.48 0.95 1.37 
  2 0.04 0.04 0.07 0.14 0.34 0.68 1.06 
 30 1 0.04 0.04 0.07 0.14 0.33 0.63 0.95 
  2 0.04 0.05 0.08 0.15 0.34 0.68 1.06 
 43 1 0.04 0.05 0.08 0.16 0.39 0.79 1.14 
  2 0.04 0.05 0.08 0.16 0.34 0.65 1.02 
 44 1 0.04 0.04 0.08 0.16 0.38 0.82 1.14 
  2 0.04 0.04 0.08 0.18 0.41 0.82 1.14 
 60 1 0.04 0.04 0.07 0.14 0.28 0.52 0.79 
  2 0.04 0.05 0.08 0.19 0.41 0.76 1.10 
25 1 1 0.04 0.05 0.08 0.16 0.41 0.79 1.10 
  2 0.04 0.05 0.11 0.29 0.82 1.32 1.60 
 2 1 0.04 0.06 0.19 0.82 1.49 1.71 1.86 
  2 0.04 0.05 0.16 0.70 1.55 1.86 2.08 
 3 1 0.04 0.06 0.20 0.88 1.71 1.93 2.00 
  2 0.04 0.06 0.21 0.98 1.71 2.00 2.15 
 4 1 0.04 0.05 0.19 0.95 1.71 2.08 2.15 
  2 0.04 0.06 0.19 0.88 1.65 2.00 2.08 
 5 1 0.04 0.07 0.23 0.95 1.49 1.71 1.86 
  2 0.04 0.05 0.17 0.79 1.65 2.00 2.08 
 6 1 0.04 0.06 0.26 1.14 1.93 2.15 2.15 











Percent CO2 for measurement taken at indicated hour 
72 73 74 75 76 77 78 
25 7 1 0.04 0.06 0.18 0.73 1.37 1.65 1.93 
  2 0.04 0.06 0.23 1.02 1.71 2.00 2.00 
 8 1 0.04 0.06 0.25 1.06 1.71 1.93 2.00 
  2 0.04 0.06 0.26 1.10 1.60 2.08 1.86 
 9 1 0.04 0.06 0.24 1.06 1.79 2.00 2.15 
  2 0.04 0.06 0.23 1.06 1.86 2.08 2.22 
26 101 1 0.04 0.06 0.19 0.68 1.43 1.93 2.08 
  2 0.04 0.06 0.17 0.54 1.27 1.79 1.86 
 102 1 0.04 0.07 0.27 1.02 1.86 2.08 2.22 
  2 0.04 0.07 0.25 0.88 1.79 2.08 2.22 
 103 1 0.04 0.07 0.20 0.65 1.49 1.93 2.15 
  2 0.04 0.06 0.23 0.88 1.71 2.08 2.15 
 104 1 0.04 0.06 0.20 0.73 1.71 2.08 2.15 
  2 0.04 0.07 0.26 0.95 1.86 2.08 2.22 
 105 1 0.04 0.06 0.21 0.79 1.71 2.15 2.30 
  2 0.04 0.07 0.26 0.95 1.86 2.15 2.22 
 106 1 0.04 0.07 0.29 1.02 1.79 2.08 2.22 
  2 0.05 0.08 0.33 1.10 1.93 2.22 2.30 
 107 1 0.04 0.06 0.20 0.70 1.55 1.86 2.00 
  2 0.04 0.06 0.20 0.68 1.49 1.93 2.08 
27 1 1 0.04 0.06 0.22 0.91 1.93 2.15 2.30 
  2 0.04 0.06 0.19 0.85 1.86 2.21 2.42 
 2 1 0.04 0.06 0.02 0.91 2.00 2.42 2.52 
  2 0.04 0.06 0.17 0.79 1.93 2.15 2.3 
 3 1 0.04 0.06 0.17 0.68 1.60 2.00 2.08 
  2 0.04 0.06 0.17 0.70 1.60 1.93 2.00 
 4 1 0.04 0.06 0.18 0.76 1.71 2.00 2.15 
  2 0.04 0.06 0.19 0.85 1.86 2.08 2.22 
 5 1 0.04 0.06 0.19 0.73 1.65 1.86 2.00 
  2 0.04 0.07 0.19 0.68 1.43 1.65 1.71 
 6 1 0.04 0.06 0.17 0.70 1.60 1.93 2.00 
  2 0.04 0.06 0.22 0.95 1.86 2.08 2.22 
 7 1 0.04 0.07 0.26 1.22 2.08 2.22 2.42 
  2 0.04 0.07 0.30 1.43 2.22 2.42 2.52 
 8 1 0.04 0.07 0.19 0.82 1.65 2.00 2.15 











Percent CO2 for measurement taken at indicated hour 
72 73 74 75 76 77 78 
28 1 1 0.04 0.08 0.38 1.06 1.71 2.00 2.08 
  2 0.04 0.07 0.34 1.02 1.79 2.00 2.15 
 2 1 0.04 0.07 0.33 1.10 1.86 2.22 2.3 
  2 0.04 0.07 0.37 1.18 1.93 2.15 2.22 
 3 1 0.04 0.07 0.38 1.06 1.71 1.93 2.08 
  2 0.04 0.07 0.37 1.14 1.93 2.08 2.15 
 4 1 0.04 0.06 0.27 0.88 1.6 1.93 2.00 
  2 0.04 0.07 0.26 0.79 1.55 1.86 2.00 
 5 1 0.04 0.07 0.30 0.88 1.49 1.86 2.00 
  2 0.04 0.06 0.23 0.70 1.43 1.79 2.00 
 6 1 0.04 0.07 0.24 0.68 1.37 1.79 2.00 
  2 0.04 0.06 0.26 0.85 1.60 2.00 2.15 
 7 1 0.04 0.07 0.35 1.06 1.86 2.08 2.22 
  2 0.04 0.07 0.29 0.91 1.65 1.93 2.08 
29 1 1 0.04 0.09 0.39 1.37 2.00 2.08 2.15 
  2 0.04 0.10 0.43 1.49 2.08 2.15 2.30 
 2 1 0.04 0.08 0.27 1.10 1.79 2.00 2.15 
  2 0.04 0.09 0.35 1.43 2.15 2.42 2.52 
 3 1 0.04 0.08 0.37 1.55 2.22 2.42 2.52 
  2 0.04 0.08 0.30 1.22 1.93 2.00 2.15 
 4 1 0.04 0.08 0.34 1.43 2.08 2.22 2.30 
  2 0.04 0.08 0.28 1.14 1.93 2.08 2.22 
 5 1 0.04 0.07 0.19 0.79 1.49 1.65 1.86 
  2 0.04 0.07 0.20 0.88 1.71 2.00 2.15 
 6 1 0.04 0.10 0.50 1.49 1.93 2.00 2.08 
  2 0.04 0.08 0.43 1.60 2.22 2.22 2.42 
 7 1 0.04 0.08 0.35 1.32 2.22 2.15 2.22 
  2 0.04 0.06 0.29 1.10 1.27 1.49 1.55 
 9 1 0.04 0.07 0.30 1.22 1.93 2.22 2.42 








Table B.3 Color numbers from “In situ” tests along with grading factors, and moisture content of 
samples taken from shipments of commercial corn. Samples were obtained by TGI which also 
conducted the “in situ” test and determined the grading factors and the official grade on the 
samples. 





Grade TW1) DKT2) BCFM3) MCT4) MCP5) 
1 46 4.37 2.08 2 57.5 2.3 2.3 14.10 20.72 
 48 1.73 0.18 3 56.9 1.5 3.4 14.10 21.09 
 58 2.62 0.41 2 57.3 3.8 2.9 14.50 21.18 
2 27 1.11 0.10 2 55.7 1.1 1.7 15.10 20.45 
 29 1.81 0.19 1 56.3 0.9 1.5 15.50 20.66 
 37 1.11 0.10 2 55.9 1.3 1.0 15.30 21.03 
 44 0.67 0.07 1 56.2 0.9 1.0 15.20 20.60 
 49 0.70 0.10 2 55.9 1.2 0.8 15.20 20.57 
 50 1.85 0.20 1 56.1 1.2 0.9 15.20 20.85 
 51 0.38 0.08 2 55.7 0.5 1.0 14.70 20.48 
 61 1.68 0.17 1 56.3 1.0 1.1 15.10 20.82 
3 2 1.44 0.13 1 59.5 0.9 1.7 15.00 20.97 
 8 2.17 0.27 1 58.5 2.2 1.7 14.80 20.47 
 13 2.46 0.35 2 59.2 3.2 2.9 14.80 20.65 
 19 1.81 0.19 4 58.9 1.9 4.1 14.70 21.21 
 21 1.77 0.19 4 59.4 2.6 4.9 14.30 20.92 
 25 1.28 0.12 3 59.5 2.5 3.5 14.90 20.86 
4 8 2.01 0.23 5 59.7 2.5 5.1 15.20 20.83 
 17 1.40 0.13 1 59.0 2.2 1.8 15.00 20.49 
 18 1.32 0.12 2 59.3 3.3 2.4 15.10 20.90 
 22 1.93 0.22 5 59.1 2.2 6.7 15.20 20.60 
5 6 1.73 0.18 4 59.1 1.6 4.5 15.50 20.78 
 8 1.20 0.11 2 59.6 1.4 2.3 15.20 20.83 
 11 1.24 0.11 1 59.2 1.3 1.5 14.80 20.82 
 17 1.56 0.15 1 59.2 2.1 1.6 15.20 20.89 
6 5 1.48 0.14 1 57.5 1.5 1.0 14.80 20.77 
 16 1.56 0.15 1 57.5 1.5 1.4 15.50 20.88 
 24 2.05 0.24 2 56.9 1.2 2.1 15.50 20.67 
7 8 1.64 0.16 2 58.3 2.3 2.8 15.00 21.05 
 19 2.05 0.24 2 57.8 3.8 3.0 14.80 20.74 
 25 2.05 0.24 2 57.1 4.4 3.0 14.90 21.06 
1) TW: Test Weight (pounds/bushel); 2) DKT: Damaged Kernels Total (%); 3) BCFM: Broken Corn and 
Foreign Material (%); 4) MCT: Moisture Content recorded by TGI before received by Purdue 






Table B.3 continued 





Grade TW1) DKT2) BCFM3) MCT4) MCP5) 
8 1 1.97 0.23 1 58.7 2.3 1.8 15.10 20.89 
 23 1.64 0.16 3 58.8 3.1 3.2 15.10 20.80 
 25 1.97 0.23 4 59.1 2.4 4.1 15.50 20.55 
9 16 2.25 0.29 3 58.3 1.4 3.9 15.00 20.85 
 25 2.13 0.26 4 58.7 1.7 4.3 14.90 21.25 
 26 2.58 0.39 3 58.7 1.5 4.2 15.00 20.90 
10 15 2.34 0.32 2 55.1 1.2 1.3 15.40 20.85 
 18 2.25 0.29 2 55.5 1.4 1.3 15.40 20.81 
 21 1.81 0.19 1 56.2 1.8 1.0 15.40 20.68 
11 7 1.77 0.19 2 57.0 3.4 2.3 15.10 20.58 
 26 2.38 0.33 2 59.1 3.9 2.1 15.10 20.80 
 36 2.42 0.34 3 57.6 6.6 3.1 14.60 20.58 
 51 1.64 0.16 2 58.2 4.7 1.5 14.80 20.69 
12 6 1.77 0.19 2 59.2 4.0 2.0 15.40 21.00 
 14 2.25 0.29 1 59.1 1.8 0.8 16.30 20.83 
13 3 1.97 0.23 3 57.4 0.4 3.8 15.20 20.44 
 28 1.52 0.14 1 56.4 1.7 1.6 15.30 20.37 
14 1 1.56 0.15 2 57.8 4.1 2.9 14.90 19.95 
 2 1.64 0.16 3 57.7 2.1 3.1 14.90 20.78 
15 2 1.85 0.2 3 58.8 6.9 2.2 15.70 21.45 
 4 1.93 0.22 1 57.8 2.4 2.0 15.10 21.57 
 12 1.52 0.14 2 58.5 3.2 1.7 15.40 21.34 
 19 1.73 0.18 3 59.3 2.0 3.3 15.50 21.50 
 25 1.85 0.20 4 59.6 1.6 4.1 14.70 21.64 
16 1 2.17 0.27 4 59.3 1.5 4.4 14.70 20.70 
 5 2.21 0.28 1 58.4 1.4 0.8 15.50 20.93 
 9 2.09 0.25 3 58.9 5.4 1.4 15.40 20.91 
 16 1.93 0.22 1 58.9 1.2 1.2 15.40 20.95 
17 20 1.93 0.22 2 57.4 2.1 2.4 14.70 21.39 
 37 1.73 0.18 2 56.9 2.4 2.9 14.70 21.38 
 45 1.64 0.16 1 57.6 0.7 1.2 15.30 21.34 
 49 1.68 0.17 1 57.3 0.6 1.3 15.10 21.48 
18 3 1.56 0.15 3 56.6 3.9 3.3 15.00 20.69 
 4 1.52 0.14 1 57.8 1.7 2.0 15.50 20.88 
1) TW: Test Weight (pounds/bushel); 2) DKT: Damaged Kernels Total (%); 3) BCFM: Broken Corn and 
Foreign Material (%); 4) MCT: Moisture Content recorded by TGI before received by Purdue 





Table B.3 continued 





Grade TW1) DKT2) BCFM3) MCT4) MCP5) 
19 1 1.97 0.23 3 58.3 2.9 3.7 15.40 20.66 
20 28 1.73 0.18 2 58.0 3.0 2.1 15.50 20.72 
 60 1.16 0.10 2 58.8 2.4 2.7 15.10 21.00 
21 6 1.52 0.14 3 58.3 5.2 2.3 15.30 20.98 
22 2 1.85 0.20 3 57.7 7.0 2.2 15.40 21.26 
23 2 2.21 0.28 1 59.3 2.2 1.2 15.50 20.86 
 24 1.89 0.21 1 59.1 0.7 1.8 15.70 20.72 
24 1 1.07 0.10 1 58.4 1.7 1.8 14.50 21.20 
 3 0.99 0.09 2 58.4 3.5 2.5 14.80 19.95 
 9 1.16 0.10 3 58.1 7.0 2.9 14.80 21.38 
 16 1.11 0.10 3 58.4 7.0 2.8 14.50 21.24 
 30 1.36 0.12 2 58.4 3.9 2.2 14.50 21.22 
 43 1.20 0.11 2 58.4 1.9 2.7 14.80 21.01 
 44 1.44 0.13 2 58.2 2.1 2.9 15.00 21.24 
 60 1.03 0.09 2 57.9 1.8 2.9 14.80 21.24 
25 1 2.13 0.26 2 57.8 4.3 3.0 15.20 21.12 
 2 2.58 0.39 3 57.7 7.0 3.2 15.30 19.59 
 3 2.38 0.33 3 58.1 6.9 3.2 15.50 21.25 
 4 2.13 0.26 3 57.9 5.5 3.6 15.50 21.83 
 5 2.42 0.34 3 57.7 6.0 3.7 15.30 21.13 
 6 2.62 0.41 4 57.9 5.3 4.4 15.50 21.45 
 7 2.58 0.39 3 57.8 7.0 4.0 15.50 21.06 
 8 2.62 0.41 4 58.1 7.0 5.0 15.50 21.10 
 9 2.42 0.34 5 58.0 7.0 5.5 15.40 21.08 
26 101 2.30 0.3 5 57.9 10.8 5.8 15.50 20.19 
 102 2.87 0.52 6 58.0 10.0 7.4 15.70 20.31 
 103 3.03 0.61 5 57.9 6.8 7.0 15.70 20.12 
 104 3.07 0.63 5 57.9 5.8 6.0 15.80 20.32 
 105 2.99 0.59 4 57.4 6.9 4.3 15.70 19.63 
 106 2.87 0.52 4 57.6 6.8 4.3 16.00 20.15 
 107 2.82 0.50 5 57.8 7.6 6.2 16.00 20.24 
1) TW: Test Weight (pounds/bushel); 2) DKT: Damaged Kernels Total (%); 3) BCFM: Broken Corn and 
Foreign Material (%); 4) MCT: Moisture Content recorded by TGI before received by Purdue 







Table B.3 continued 





Grade TW1) DKT2) BCFM3) MCT4) MCP5) 
27 1 2.42 0.34 3 58.1 2.8 3.7 15.50 20.68 
 2 2.46 0.35 3 57.8 2.8 3.3 15.50 20.55 
 3 2.50 0.37 2 58.1 3.7 2.9 15.30 20.58 
 4 2.25 0.29 2 58.4 4.1 2.9 14.80 20.59 
 5 2.54 0.38 3 58.1 3.6 3.9 15.50 20.62 
 6 2.70 0.45 5 58.6 7.0 6.5 15.50 20.66 
 7 3.35 0.82 5 58.0 6.9 5.2 15.50 20.25 
 8 3.76 1.18 3 58.3 6.5 3.3 15.40 19.74 
28 1 2.91 0.54 3 58.0 6.2 1.7 15.40 21.59 
 2 3.07 0.63 3 57.8 6.5 1.6 15.30 21.46 
 3 2.70 0.45 3 57.8 5.7 1.8 15.30 21.70 
 4 2.46 0.35 3 58.3 5.9 2.4 15.00 21.42 
 5 2.38 0.33 3 58.6 6.1 2.1 14.70 21.57 
 6 2.50 0.37 3 58.1 6.5 3.2 14.80 21.60 
 7 2.30 0.30 3 57.7 6.3 2.9 15.00 21.58 
29 1 1.40 0.13 2 57.7 4.5 2.6 16.00 20.52 
 2 1.73 0.18 2 57.6 5.0 3.0 15.40 20.41 
 3 2.01 0.23 3 57.9 4.2 3.5 15.50 20.37 
 4 1.73 0.18 4 58.6 3.6 4.8 15.50 20.48 
 5 1.56 0.15 4 58.0 4.1 5.0 15.20 20.34 
 6 1.60 0.16 5 58.5 3.7 6.9 15.50 21.44 
 7 1.81 0.19 4 58.3 5.5 4.9 15.20 21.43 
 9 1.40 0.13 2 58.0 3.1 2.9 15.30 21.49 
1) TW: Test Weight (pounds/bushel); 2) DKT: Damaged Kernels Total (%); 3) BCFM: Broken Corn and 
Foreign Material (%); 4) MCT: Moisture Content recorded by TGI before received by Purdue 












Table B.4 Color number values for hours 72 through 78 after re-wetting for re-test 1 on samples 
from 8  train shipments of commercial corn. Samples were collected by TGI, which also 
conducted an “in situ” test on the sample, and subsequently tested at Purdue University by the 






Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
10 17 1 0.18 0.54 1.52 2.38 3.19 3.72 3.92 
  2 0.22 0.54 1.32 2.17 2.95 3.48 3.72 
 22 1 0.22 0.63 1.48 2.50 3.31 3.72 3.92 
  2 0.18 0.54 1.44 2.46 3.27 3.72 3.88 
 50 1 0.18 0.71 1.89 3.11 3.84 4.13 4.21 
  2 0.22 0.71 1.93 3.11 3.8 4.05 4.17 
24 24 1 0.14 0.46 1.2 2.21 2.95 3.52 3.84 
  2 0.18 0.5 1.4 2.58 3.35 3.80 4.05 
 46 1 0.14 0.46 1.28 2.38 3.15 3.64 3.88 
  2 0.14 0.46 1.28 2.38 3.19 3.72 3.96 
 47 1 0.14 0.42 1.20 2.34 3.11 3.64 3.92 
  2 0.14 0.42 1.20 2.34 3.19 3.68 3.96 
6 19 1 0.14 0.67 1.56 2.62 3.35 3.84 3.96 
  2 0.22 0.67 1.52 2.66 3.48 3.96 4.17 
 21 1 0.30 0.83 1.85 2.95 3.64 3.92 4.05 
  2 0.18 0.75 1.85 3.07 3.76 4.05 4.17 
 23 1 0.14 0.75 1.81 3.03 3.68 4.05 4.09 
  2 0.22 0.71 1.73 2.91 3.68 4.05 4.21 
11 6 1 0.18 1.03 1.97 3.64 4.09 4.29 4.33 
  2 0.14 0.91 1.85 3.68 4.13 4.33 4.37 
 38 1 0.18 0.95 1.97 3.88 4.29 4.45 4.49 
  2 0.14 1.11 2.21 3.96 4.25 4.37 4.41 
 55 1 0.18 0.95 1.85 3.52 4.01 4.17 4.29 
  2 0.14 0.91 1.93 3.68 4.17 4.33 4.41 
12 11 1 0.14 1.16 2.3 3.96 4.25 4.33 4.33 
  2 0.14 1.07 2.25 4.01 4.33 4.37 4.45 
 15 1 0.10 0.34 0.91 1.73 2.34 2.99 3.44 
  2 0.10 0.38 1.07 2.05 2.7 3.31 3.68 
 17 1 0.14 1.07 2.30 4.09 4.45 4.58 4.58 













Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
23 6 1 0.06 0.99 2.25 4.21 4.54 4.66 4.66 
  2 0.14 1.07 2.3 4.01 4.29 4.41 4.45 
 10 1 0.18 0.95 2.13 3.96 4.29 4.41 4.41 
  2 0.10 0.91 2.05 3.96 4.41 4.49 4.58 
 12 1 0.10 0.91 2.13 4.01 4.41 4.45 4.49 
  2 0.10 0.91 2.09 4.01 4.37 4.49 4.49 
3 1 1 0.06 0.38 1.24 2.46 3.27 3.84 4.09 
  2 0.10 0.38 1.32 2.54 3.31 3.84 4.13 
 6 1 0.10 0.38 0.95 1.85 2.54 3.19 3.6 
  2 0.10 0.30 0.91 1.77 2.42 3.15 3.6 
 11 1 0.10 0.46 1.40 2.70 3.44 3.92 4.13 
  2 0.10 0.38 1.20 2.30 3.11 3.72 4.05 
20 3 1 0.06 0.30 0.91 1.85 2.54 3.27 3.76 
  2 0.06 0.30 0.83 1.73 2.42 3.11 3.64 
 41 1 0.14 0.54 1.77 3.31 3.88 4.17 4.29 
  2 0.10 0.54 1.77 3.23 3.92 4.17 4.29 
 59 1 0.10 0.46 1.44 2.74 3.48 3.96 4.17 
















Table B.5 Values of percent CO2 for hours 72 through 78 after re-wetting for re-test 1 on 
samples from 8 train shipments of commercial corn. Samples were collected by TGI, which 
conducted the “in situ” tests, and subsequently tested at Purdue University by the Agricultural 






Percent CO2 for measurement taken at indicated hour 
72 73 74 75 76 77 78 
10 17 1 0.04 0.06 0.14 0.33 0.70 1.14 1.37 
  2 0.04 0.06 0.12 0.27 0.56 0.91 1.14 
 22 1 0.04 0.06 0.14 0.37 0.79 1.14 1.37 
  2 0.04 0.06 0.13 0.35 0.76 1.14 1.32 
 50 1 0.04 0.07 0.21 0.65 1.27 1.65 1.79 
  2 0.04 0.07 0.22 0.65 1.22 1.55 1.71 
24 24 1 0.04 0.05 0.11 0.28 0.56 0.95 1.27 
  2 0.04 0.06 0.13 0.39 0.82 1.22 1.55 
 46 1 0.04 0.05 0.12 0.33 0.68 1.06 1.32 
  2 0.04 0.05 0.12 0.33 0.70 1.14 1.43 
 47 1 0.04 0.05 0.11 0.32 0.65 1.06 1.37 
  2 0.04 0.05 0.11 0.32 0.70 1.10 1.43 
6 19 1 0.04 0.07 0.15 0.41 0.82 1.27 1.43 
  2 0.04 0.07 0.14 0.43 0.91 1.43 1.71 
 21 1 0.04 0.08 0.20 0.56 1.06 1.37 1.55 
  2 0.04 0.07 0.20 0.63 1.18 1.55 1.71 
 23 1 0.04 0.07 0.19 0.61 1.10 1.55 1.60 
  2 0.04 0.07 0.18 0.54 1.10 1.55 1.79 
11 6 1 0.04 0.09 0.23 1.06 1.60 1.93 2.00 
  2 0.04 0.08 0.20 1.10 1.65 2.00 2.08 
 38 1 0.04 0.08 0.23 1.32 1.93 2.22 2.30 
  2 0.04 0.10 0.28 1.43 1.86 2.08 2.15 
 55 1 0.04 0.08 0.20 0.95 1.49 1.71 1.93 
  2 0.04 0.08 0.22 1.10 1.71 2.00 2.15 
12 11 1 0.04 0.10 0.30 1.43 1.86 2.00 2.00 
  2 0.04 0.10 0.29 1.49 2.00 2.08 2.22 
 15 1 0.04 0.05 0.08 0.18 0.32 0.59 0.88 
  2 0.04 0.05 0.10 0.24 0.45 0.79 1.10 
 17 1 0.04 0.10 0.30 1.60 2.22 2.52 2.52 













Percent CO2 for measurement taken at indicated hour 
72 73 74 75 76 77 78 
23 6 1 0.04 0.09 0.29 1.79 2.42 2.71 2.71 
  2 0.04 0.10 0.30 1.49 1.93 2.15 2.22 
 10 1 0.04 0.08 0.26 1.43 1.93 2.15 2.15 
  2 0.04 0.08 0.24 1.43 2.15 2.30 2.52 
 12 1 0.04 0.08 0.26 1.49 2.15 2.22 2.30 
  2 0.04 0.08 0.25 1.49 2.08 2.30 2.30 
3 1 1 0.04 0.05 0.11 0.35 0.76 1.27 1.60 
  2 0.04 0.05 0.12 0.38 0.79 1.27 1.65 
 6 1 0.04 0.05 0.08 0.20 0.38 0.70 1.02 
  2 0.04 0.04 0.08 0.19 0.34 0.68 1.02 
 11 1 0.04 0.05 0.13 0.45 0.88 1.37 1.65 
  2 0.04 0.05 0.11 0.30 0.65 1.14 1.55 
20 3 1 0.04 0.04 0.08 0.20 0.38 0.76 1.18 
  2 0.04 0.04 0.08 0.18 0.34 0.65 1.06 
 41 1 0.04 0.06 0.19 0.79 1.32 1.71 1.93 
  2 0.04 0.06 0.19 0.73 1.37 1.71 1.93 
 59 1 0.04 0.05 0.13 0.46 0.91 1.43 1.71 
















Table B.6 Color number values for hours 72 through 78 after re-wetting for re-test 2 on samples 
from 8  train shipments of commercial corn. Samples were collected by TGI, which conducted 
“in situ” tests, and subsequently tested at Purdue University by the Agricultural and Biological 






Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
10 16 1 0.22 0.58 1.56 2.82 3.48 3.72 3.88 
  2 0.10 0.46 1.28 2.34 3.11 3.52 3.80 
 19 1 0.18 0.46 1.11 2.01 2.70 3.15 3.48 
  2 0.18 0.50 1.24 2.17 2.91 3.27 3.60 
 30 1 0.06 0.58 1.73 2.99 3.76 4.05 4.17 
  2 0.10 0.54 1.52 2.70 3.56 4.01 4.17 
24 17 1 0.06 0.50 1.64 2.74 3.44 3.92 4.09 
  2 0.06 0.54 1.81 2.95 3.64 4.01 4.17 
 20 1 0.10 0.54 1.68 2.87 3.56 3.96 4.09 
  2 0.06 0.54 1.77 3.03 3.80 4.13 4.29 
 23 1 0.10 0.42 1.32 2.34 3.15 3.72 3.96 
  2 0.10 0.50 1.52 2.54 3.31 3.76 3.96 
6 8 1 0.14 0.34 0.91 1.64 2.34 2.87 3.31 
  2 0.14 0.46 0.99 1.73 2.46 2.95 3.35 
 18 1 0.14 0.46 1.11 2.05 2.82 3.27 3.64 
  2 0.18 0.50 1.20 2.09 2.82 3.23 3.48 
 25 1 0.10 0.42 1.07 1.93 2.70 3.19 3.56 
  2 0.14 0.42 0.95 1.73 2.46 2.95 3.35 
11 41 1 0.10 0.71 2.09 3.44 4.05 4.33 4.37 
  2 0.18 0.79 2.21 3.52 4.05 4.21 4.29 
 43 1 0.10 0.75 2.34 3.72 4.25 4.37 4.45 
  2 0.14 0.83 2.42 3.80 4.29 4.41 4.45 
 48 1 0.06 0.63 1.93 3.31 3.92 4.13 4.29 
  2 0.10 0.63 2.01 3.27 3.96 4.13 4.21 
12 10 1 0.06 0.63 2.05 3.44 4.05 4.25 4.33 
  2 0.06 0.75 2.25 3.68 4.13 4.29 4.37 
 21 1 0.06 0.50 1.40 2.50 3.27 3.76 3.96 
  2 0.06 0.50 1.36 2.50 3.44 3.92 4.09 
 24 1 0.14 0.50 1.40 2.62 3.44 3.84 4.09 













Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
23 3 1 0.06 0.83 2.70 3.88 4.25 4.37 4.41 
  2 0.10 0.79 2.54 3.80 4.21 4.37 4.37 
 14 1 0.06 0.71 2.30 3.56 4.13 4.33 4.37 
  2 0.06 0.63 2.13 3.31 3.92 4.21 4.29 
 23 1 0.06 0.87 2.91 4.01 4.33 4.49 4.58 
  2 0.06 0.87 2.87 4.01 4.33 4.41 4.49 
3 5 1 0.14 0.54 1.56 2.87 3.56 3.88 4.01 
  2 0.14 0.50 1.44 2.74 3.64 4.01 4.17 
 22 1 0.14 0.50 1.56 2.91 3.72 4.01 4.13 
  2 0.18 0.67 1.77 3.07 3.72 3.92 4.01 
 23 1 0.14 0.58 1.68 2.91 3.72 4.01 4.17 
  2 0.10 0.54 1.64 3.03 3.80 4.05 4.25 
20 6 1 0.06 0.58 1.93 3.31 3.96 4.21 4.25 
  2 0.10 0.67 2.05 3.52 4.13 4.33 4.37 
 16 1 0.10 0.42 1.11 1.77 2.42 3.07 3.39 
  2 0.10 0.46 1.16 2.09 2.99 3.56 3.80 
 46 1 0.10 0.50 1.40 2.38 3.15 3.72 3.96 
















Table B.7 Values of percent CO2 for hours 72 through 78 after re-wetting for re-test 2 on 
samples from 8 train shipments of commercial corn. Samples were collected by TGI, which 
conducted the “in situ” tests, and subsequently tested at Purdue University by the Agricultural 






Percent CO2 for measurement taken at indicated hour 
72 73 74 75 76 77 78 
10 16 1 0.04 0.06 0.15 0.50 0.91 1.14 1.32 
  2 0.04 0.05 0.12 0.32 0.65 0.95 1.22 
 19 1 0.04 0.05 0.10 0.23 0.45 0.68 0.91 
  2 0.04 0.06 0.11 0.27 0.54 0.76 1.02 
 30 1 0.04 0.06 0.18 0.59 1.18 1.55 1.71 
  2 0.04 0.06 0.14 0.45 0.98 1.49 1.71 
24 17 1 0.04 0.06 0.16 0.46 0.88 1.37 1.60 
  2 0.04 0.06 0.19 0.56 1.06 1.49 1.71 
 20 1 0.04 0.06 0.17 0.52 0.98 1.43 1.60 
  2 0.04 0.06 0.19 0.61 1.22 1.65 1.93 
 23 1 0.04 0.05 0.12 0.32 0.68 1.14 1.43 
  2 0.04 0.06 0.14 0.38 0.79 1.18 1.43 
6 8 1 0.04 0.05 0.08 0.16 0.32 0.52 0.79 
  2 0.04 0.05 0.09 0.18 0.35 0.56 0.82 
 18 1 0.04 0.05 0.10 0.24 0.50 0.76 1.06 
  2 0.04 0.06 0.11 0.25 0.50 0.73 0.91 
 25 1 0.04 0.05 0.10 0.22 0.45 0.70 0.98 
  2 0.04 0.05 0.08 0.18 0.35 0.56 0.82 
11 41 1 0.04 0.07 0.25 0.88 1.55 2.00 2.08 
  2 0.04 0.07 0.28 0.95 1.55 1.79 1.93 
 43 1 0.04 0.07 0.32 1.14 1.86 2.08 2.22 
  2 0.04 0.08 0.34 1.22 1.93 2.15 2.22 
 48 1 0.04 0.06 0.22 0.79 1.37 1.65 1.93 
  2 0.04 0.06 0.23 0.76 1.43 1.65 1.79 
12 10 1 0.04 0.06 0.24 0.88 1.55 1.86 2.00 
  2 0.04 0.07 0.29 1.10 1.65 1.93 2.08 
 21 1 0.04 0.06 0.13 0.37 0.76 1.18 1.43 
  2 0.04 0.06 0.12 0.37 0.88 1.37 1.60 
 24 1 0.04 0.06 0.13 0.41 0.88 1.27 1.60 













Percent CO2 for measurement taken at indicated hour 
72 73 74 75 76 77 78 
23 3 1 0.04 0.08 0.45 1.32 1.86 2.08 2.15 
  2 0.04 0.07 0.38 1.22 1.79 2.08 2.08 
 14 1 0.04 0.07 0.30 0.98 1.65 2.00 2.08 
  2 0.04 0.06 0.26 0.79 1.37 1.79 1.93 
 23 1 0.04 0.08 0.54 1.49 2.00 2.30 2.52 
  2 0.04 0.08 0.52 1.49 2.00 2.15 2.30 
3 5 1 0.04 0.06 0.15 0.52 0.98 1.32 1.49 
  2 0.04 0.06 0.13 0.46 1.06 1.49 1.71 
 22 1 0.04 0.06 0.15 0.54 1.14 1.49 1.65 
  2 0.04 0.07 0.19 0.63 1.14 1.37 1.49 
 23 1 0.04 0.06 0.17 0.54 1.14 1.49 1.71 
  2 0.04 0.06 0.16 0.61 1.22 1.55 1.86 
20 6 1 0.04 0.06 0.22 0.79 1.43 1.79 1.86 
  2 0.04 0.07 0.24 0.95 1.65 2.00 2.08 
 16 1 0.04 0.05 0.10 0.19 0.34 0.63 0.85 
  2 0.04 0.05 0.10 0.25 0.59 0.98 1.22 
 46 1 0.04 0.06 0.13 0.33 0.68 1.14 1.43 















Table B.8 Values of percent germination for samples from 8 re-tested train shipments of 
commercial corn collected by TGI. 
Shipment 
Number 
Total number of 
seeds tested 
Germinated 
seeds after 4 
days 
Germinated 




after 4 days 
Percent 
germination 
after 7 days 
3 200 117 119 58.5% 59.5% 
6 200 124 128 62.0% 64.0% 
10 200 110 112 55.0% 56.0% 
11 200 82 84 41.0% 42.0% 
12 200 76 78 38.0% 39.0% 
20 200 100 102 50.0% 51.0% 
23 200 59 60 29.5% 30.0% 





















Table B.9 Electrolyte leakage values of samples from 8 re-tested train shipments of commercial 
corn. Samples were collected by TGI. 
Shipment # Sample ID # 
Conductivity (millimho) after indicated minutes 
0 5 10 15 20 25 30 
3 7 9.1 45.3 52.1 56.7 61.6 63.2 68.0 
 1 8.7 35.1 45.1 49.0 53.4 55.8 59.6 
 18 10.6 44.8 49.5 55.2 56.9 62.5 66.0 
6 7 9.8 39.8 45.7 50.3 53.3 56.0 58.1 
 15 8.4 38.5 45.3 49.8 52.9 55.9 59.0 
 22 9.3 43.6 50.3 54.4 58.5 61.9 65.5 
10 46 9.9 45.1 58.8 64.2 69.2 74.9 77.6 
 57 9.7 53.1 57.2 64.3 66.8 72.7 75.4 
 44 9.4 45.6 49.9 54.7 57.9 62.0 64.1 
11 31 9.4 49.3 56.8 61.2 70.0 73.8 78.7 
 27 9.0 41.2 50.6 56.4 61.3 65.7 70.4 
 15 9.5 48.4 54.3 56.5 61.8 66.1 69.6 
12 2 12.2 41.3 47.7 51.5 57.9 62.1 67.3 
 13 11.6 42.5 44.5 46.8 48.0 53.2 57.7 
 4 12.7 43.8 50.6 56.7 60.8 64.3 68.5 
20 11 10.6 49.1 55.4 62.7 68.8 72.7 79.8 
 38 10.0 44.5 52.7 56.7 62.7 68.6 71.5 
 2 11.2 44.6 56.6 62.0 69.6 76.2 81.2 
23 5 10.0 45.4 48.6 51.3 54.2 57.7 64.7 
 4 10.6 46.2 54.1 63.4 65.6 69.4 72.4 
 13 9.6 40.2 46.1 49.3 53.5 58.1 60.9 
24 29 9.9 49.3 55.6 63.1 70.7 76.1 79.3 
 21 10.4 44.7 51.9 59.5 63.2 66.5 70.3 










Appendix C SAS Outputs for Tests using Commercial Shelled Corn from TGI 
ANOVA Test for re-tested samples from 8 shipments of commercial shelled corn collected by TGI 
 
The GLM Procedure 
 
                                    Class Level Information 
 
                         Class         Levels    Values 
 
                         smp                8    3 6 10 11 12 20 23 24 
 
                         rep                2    1 2 
 
                         tm                 3    0 1 2 
 
 
                            Number of Observations Read         156 
                            Number of Observations Used         156 
 
 
                                       The GLM Procedure 
 
Dependent Variable: cn 
 
                                              Sum of 
      Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
      Model                       47     12.42477660      0.26435695       9.43    <.0001 
 
      Error                      108      3.02859583      0.02804255 
 
      Corrected Total            155     15.45337244 
 
 
                       R-Square     Coeff Var      Root MSE       cn Mean 
 
                       0.804017      16.96009      0.167459      0.987372 
 
 
      Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
 
      smp                          7      4.16217909      0.59459701      21.20    <.0001 
      rep                          1      0.00761603      0.00761603       0.27    0.6033 
      tm                           2      5.28206951      2.64103476      94.18    <.0001 
      smp*rep                      7      0.02095928      0.00299418       0.11    0.9978 
      smp*tm                      14      2.89836029      0.20702573       7.38    <.0001 
      rep*tm                       2      0.00711225      0.00355613       0.13    0.8810 
      smp*rep*tm                  14      0.04648015      0.00332001       0.12    1.0000 
 
 
      Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
      smp                          7      2.93306249      0.41900893      14.94    <.0001 
      rep                          1      0.00490367      0.00490367       0.17    0.6767 
      tm                           2      5.40263929      2.70131965      96.33    <.0001 
      smp*rep                      7      0.02127899      0.00303986       0.11    0.9977 
      smp*tm                      14      2.89836029      0.20702573       7.38    <.0001 
      rep*tm                       2      0.00817639      0.00408819       0.15    0.8645 





Appendix D Data for Test Measurements using Frozen Corn Harvested from Purdue 
University Farms 
Table D.1 Color number values for hours 72 through 78 after re-wetting for tests on samples 
harvested from Purdue University Farms and tested at Purdue University by the Agricultural and 






Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
15% Control 1 0.10 0.67 1.64 2.38 3.11 3.56 3.76 
  2 0.14 0.67 1.73 2.42 3.11 3.52 3.76 
  3 0.10 0.63 1.68 2.38 3.15 3.56 3.80 
 1st 1 0.14 0.50 1.11 2.01 2.87 3.48 3.76 
  2 0.14 0.58 1.32 2.25 3.07 3.60 3.80 
  3 0.10 0.46 1.07 1.93 2.74 3.39 3.64 
 2nd 1 0.14 0.42 0.87 1.56 2.21 2.82 3.15 
  2 0.22 0.67 1.40 2.30 2.99 3.44 3.60 
  3 0.22 0.67 1.32 2.13 2.82 3.27 3.48 
 3rd 1 0.10 0.54 1.24 2.21 3.07 3.68 3.84 
  2 0.14 0.63 1.44 2.46 3.27 3.76 3.96 
  3 0.14 0.54 1.20 2.21 3.11 3.68 3.88 
18% Control 1 0.10 1.16 3.07 3.80 4.13 4.25 4.33 
  2 0.10 0.91 2.58 3.39 3.92 4.13 4.17 
  3 0.10 0.87 2.58 3.48 4.05 4.21 4.29 
 1st 1 0.14 0.99 2.50 3.84 4.45 4.58 4.62 
  2 0.14 1.03 2.54 3.84 4.25 4.37 4.37 
  3 0.18 1.16 2.70 3.84 4.17 4.25 4.25 
 2nd 1 0.06 0.87 2.34 3.64 4.01 4.09 4.17 
  2 0.14 0.95 2.38 3.76 4.17 4.33 4.41 
  3 0.10 1.03 2.54 3.88 4.29 4.33 4.41 
 3rd 1 0.14 1.20 2.95 4.21 4.54 4.66 4.66 
  2 0.14 1.07 2.74 4.05 4.45 4.49 4.54 















Color number for measurement taken at indicated hour 
72 73 74 75 76 77 78 
22% Control 1 0.10 1.28 3.39 4.05 4.29 4.33 4.37 
  2 0.14 1.28 3.48 4.13 4.37 4.41 4.45 
  3 0.10 1.44 3.72 4.29 4.45 4.49 4.54 
 1st 1 0.06 0.63 2.13 3.72 4.13 4.29 4.33 
  2 0.14 0.79 2.66 4.13 4.49 4.54 4.58 
  3 0.14 0.83 2.78 4.09 4.37 4.45 4.49 
 2nd 1 0.10 0.91 3.11 4.29 4.49 4.54 4.58 
  2 0.14 1.24 3.07 4.21 4.45 4.49 4.49 
  3 0.14 0.91 2.91 4.17 4.41 4.45 4.45 
 3rd 1 0.14 0.95 3.15 4.33 4.54 4.54 4.54 
  2 0.14 0.95 3.07 4.25 4.54 4.58 4.58 
  3 0.14 1.07 3.39 4.41 4.54 4.58 4.62 
26% Control 1 0.14 0.79 2.13 2.91 3.60 3.92 4.05 
  2 0.10 0.75 2.05 2.87 3.56 3.88 4.01 
  3 0.10 0.67 1.97 2.82 3.56 3.92 4.09 
 1st 1 0.10 0.34 0.87 1.73 2.42 3.07 3.35 
  2 0.14 0.42 1.16 2.05 2.78 3.35 3.56 
  3 0.14 0.42 1.20 2.09 2.87 3.44 3.64 
 2nd 1 0.26 0.54 1.40 2.30 3.03 3.52 3.68 
  2 0.14 0.42 1.16 2.05 2.78 3.35 3.60 
  3 0.10 0.38 1.07 2.01 2.78 3.44 3.72 
 3rd 1 0.18 0.50 1.44 2.46 3.15 3.64 3.80 
  2 0.10 0.54 1.60 2.82 3.64 4.01 4.13 












Table D.2 Percent germination values for frozen shelled corn samples harvested from Purdue 




Total number of 
seeds tested 
Germinated 
seeds after 4 
days 
Germinated 




after 4 days 
Percent 
germination 
after 7 days 
Not subjected to container storage test 
15 100 96 96 96% 96% 
18 100 85 86 85% 86% 
22 100 72 74 72% 74% 
26 100 28 28 28% 28% 
Subjected to container storage test 
15 100 95 95 95% 95% 
18 100 68 68 68% 68% 
22 100 48 51 48% 51% 























Conductivity (millimho) after indicated minutes 
0 5 10 15 20 25 30 
Not subjected to container storage test 
15 1 10.1 32.3 39.2 41.1 44.2 46.3 48.9 
 2 9.6 38.9 39.0 42.0 44.9 48.6 49.3 
 3 9.2 37.0 40.3 43.3 44.0 51.7 54.3 
18 1 9.7 45.8 57.6 65.1 71.1 78.4 83.0 
 2 10.8 47.8 64.7 69.0 71.3 79.7 85.6 
 3 10.2 46.4 56.7 63.3 65.3 73.2 77.0 
22 1 9.4 51.1 59.4 64.7 72.6 77.5 86.3 
 2 8.7 42.5 50.6 57.2 63.0 69.6 72.7 
 3 8.0 39.1 49.0 56.0 60.1 64.8 68.0 
26 1 7.5 22.2 25.3 27.3 29.5 30.4 32.6 
 2 7.6 21.2 25.7 27.5 29.0 30.7 31.9 
 3 7.4 22.6 24.5 26.2 28.6 29.5 31.8 
Subjected to container storage test 
15 1 10.3 36.3 42.0 44.9 46.7 49.2 50.9 
 2 9.7 39.0 43.9 46.0 48.4 51.0 52.4 
 3 9.7 39.6 44.7 47.5 49.1 50.8 54.2 
18 1 9.8 64.4 73.6 84.4 93.4 103.4 111.2 
 2 9.6 49.1 59.1 66.3 72.7 77.1 79.9 
 3 9.7 51.4 59.1 66.8 71.2 75.8 81.8 
22 1 9.5 44.9 57.7 62.4 69.0 77.2 83.3 
 2 9.9 46.1 51.7 59.8 66.8 68.3 76.2 
 3 9.2 45.2 55.8 63.5 67.8 74.8 80.4 
26 1 19.1 106.7 142.9 151.4 177.2 197.7 199.2 
 2 14.9 90.8 119.6 130.0 147.2 162.4 168.0 












Table D.4 Damage Index values of frozen shelled corn harvested from Purdue University Farms. 
Plot Origin, Hybrid Replicate 
Sample weight (g)  Percentage 
DI 
Total D1 D2 D3 D4 D5  D1 D2 D3 D4 D5 
1 ACRE, combined shelled, Dekalb 
52-43VT3 
1 98.96 0.23 3.52 4.62 19.33 71.26  0.23 3.56 4.67 19.53 72.01 17.70 
 2 98.82 0.15 2.20 4.74 18.46 73.27  0.15 2.23 4.80 18.68 74.14 16.41 
 3 98.93 0.12 2.05 3.38 20.13 73.25  0.12 2.07 3.42 20.35 74.04 15.72 
2 ASREC, combined shelled, Beck’s 
6175RR 
1 94.55 0.51 7.94 11.33 48.66 26.11  0.54 8.40 11.98 51.46 27.62 29.18 
 2 94.30 1.20 5.94 12.53 50.94 23.69  1.27 6.30 13.29 54.02 25.12 28.86 
 3 93.95 1.35 6.43 12.12 44.22 29.83  1.44 6.84 12.90 47.07 31.75 28.61 
3 ACRE, shelled with electric sheller, 
Pioneer 1018AM1/LL/RR2 
1 84.70 0.00 0.20 0.98 15.92 67.60  0.00 0.24 1.16 18.80 79.81 12.67 
 2 84.25 0.00 0.85 1.39 16.56 65.45  0.00 1.01 1.65 19.66 77.69 13.70 
















Appendix E SAS Outputs for Tests using Frozen Shelled Corn harvested from Purdue 
University Farms 
ANOVA Test for frozen samples of container room storage test at all sampling times including 
control samples 
 
The GLM Procedure 
 
                                    Class Level Information 
 
                              Class         Levels    Values 
 
                              mc                 4    15 18 22 26 
 
                              tm                 4    0 1 2 3 
 
 
                            Number of Observations Read          48 
                            Number of Observations Used          48 
 
 
                                       The GLM Procedure 
 
Dependent Variable: cn 
 
                                              Sum of 
      Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
      Model                       15      5.28960781      0.35264052     102.03    <.0001 
 
      Error                       32      0.11060000      0.00345625 
 
      Corrected Total             47      5.40020781 
 
 
                       R-Square     Coeff Var      Root MSE       cn Mean 
 
                       0.979519      4.988799      0.058790      1.178438 
 
 
      Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
 
      mc                           3      4.84199323      1.61399774     466.98    <.0001 
      tm                           3      0.16147240      0.05382413      15.57    <.0001 
      mc*tm                        9      0.28614219      0.03179358       9.20    <.0001 
 
 
      Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
      mc                           3      4.84199323      1.61399774     466.98    <.0001 
      tm                           3      0.16147240      0.05382413      15.57    <.0001 











ANOVA Test for frozen samples of container room storage test at all sampling times excluding 
control samples 
 
                                       The GLM Procedure 
 
                                    Class Level Information 
 
                              Class         Levels    Values 
 
                              mc                 4    15 18 22 26 
 
                              tm                 3    1 2 3 
 
 
                            Number of Observations Read          36 
                            Number of Observations Used          36 
 
 
                                       The GLM Procedure 
 
Dependent Variable: cn 
 
                                              Sum of 
      Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
      Model                       11      4.76147431      0.43286130      98.47    <.0001 
 
      Error                       24      0.10550000      0.00439583 
 
      Corrected Total             35      4.86697431 
 
 
                       R-Square     Coeff Var      Root MSE       cn Mean 
 
                       0.978323      5.594372      0.066301      1.185139 
 
 
      Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
 
      mc                           3      4.54836875      1.51612292     344.90    <.0001 
      tm                           2      0.15500556      0.07750278      17.63    <.0001 
      mc*tm                        6      0.05810000      0.00968333       2.20    0.0781 
 
 
      Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
      mc                           3      4.54836875      1.51612292     344.90    <.0001 
      tm                           2      0.15500556      0.07750278      17.63    <.0001 













ANOVA Test for different sampling times of 15% moisture content 
 
The GLM Procedure 
 
                                    Class Level Information 
 
                                Class         Levels    Values 
 
                                tm                 4    0 1 2 3 
 
 
                            Number of Observations Read          12 
                            Number of Observations Used          12 
 
 
                                       The GLM Procedure 
 
Dependent Variable: cn 
 
                                              Sum of 
      Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
      Model                        3      0.05429167      0.01809722       3.52    0.0685 
 
      Error                        8      0.04108333      0.00513542 
 
      Corrected Total             11      0.09537500 
 
 
                       R-Square     Coeff Var      Root MSE       cn Mean 
 
                       0.569244      8.929822      0.071662      0.802500 
 
 
      Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
 
      tm                           3      0.05429167      0.01809722       3.52    0.0685 
 
 
      Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
















ANOVA Test for different sampling times of 18% moisture content 
 
                                       The GLM Procedure 
 
                                    Class Level Information 
 
                                Class         Levels    Values 
 
                                tm                 4    0 1 2 3 
 
 
                            Number of Observations Read          12 
                            Number of Observations Used          12 
 
 
                                       The GLM Procedure 
 
Dependent Variable: cn 
 
                                              Sum of 
      Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
      Model                        3      0.07184167      0.02394722      21.33    0.0004 
 
      Error                        8      0.00898333      0.00112292 
 
      Corrected Total             11      0.08082500 
 
 
                       R-Square     Coeff Var      Root MSE       cn Mean 
 
                       0.888855      2.397850      0.033510      1.397500 
 
 
      Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
 
      tm                           3      0.07184167      0.02394722      21.33    0.0004 
 
 
      Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 















ANOVA Test for different sampling times of 22% moisture content 
 
                                       The GLM Procedure 
 
                                    Class Level Information 
 
                                Class         Levels    Values 
 
                                tm                 4    0 1 2 3 
 
 
                            Number of Observations Read          12 
                            Number of Observations Used          12 
 
 
                                       The GLM Procedure 
 
Dependent Variable: cn 
 
                                              Sum of 
      Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
      Model                        3      0.11403958      0.03801319       9.43    0.0053 
 
      Error                        8      0.03223333      0.00402917 
 
      Corrected Total             11      0.14627292 
 
 
                       R-Square     Coeff Var      Root MSE       cn Mean 
 
                       0.779636      4.031271      0.063476      1.574583 
 
 
      Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
 
      tm                           3      0.11403958      0.03801319       9.43    0.0053 
 
 
      Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 















ANOVA Test for different sampling times of 26% moisture content 
 
                                       The GLM Procedure 
 
                                    Class Level Information 
 
                                Class         Levels    Values 
 
                                tm                 4    0 1 2 3 
 
 
                            Number of Observations Read          12 
                            Number of Observations Used          12 
 
 
                                       The GLM Procedure 
 
Dependent Variable: cn 
 
                                              Sum of 
      Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
      Model                        3      0.20744167      0.06914722      19.55    0.0005 
 
      Error                        8      0.02830000      0.00353750 
 
      Corrected Total             11      0.23574167 
 
 
                       R-Square     Coeff Var      Root MSE       cn Mean 
 
                       0.879953      6.332943      0.059477      0.939167 
 
 
      Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
 
      tm                           3      0.20744167      0.06914722      19.55    0.0005 
 
 
      Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
      tm                           3      0.20744167      0.06914722      19.55    0.0005 
 
